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Microcantilevers,  one  of  the  most  common  MEMS  structures,  have 
been  introduced  as  a  novel  sensing  paradigm  nearly  a  decade  ago.  Ever 
since,  the  technology  has  emerged  to  find  important  applications  in  chemical,  biological  and 
physical  sensing  areas.  Today  the  technology  stands  at  the  verge  of  providing  the  next  genera¬ 
tion  of  sophisticated  sensors  (such  as  artificial  nose,  artificial  tongue)  with  extremely  high  sensi¬ 
tivity  and  miniature  size.  The  article  provides  an  overview  of  the  modes  of  detection,  theory 
behind  the  transduction  mechanisms,  materials  employed  as  active  layers,  and  some  of  the  im¬ 
portant  applications.  Emphasizing  the  material  design  aspects,  the  review  underscores  the  most 
important  findings,  current  trends,  key  challenges  and  future  directions  of  the  microcantilever 
based  sensor  technology. 
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1.  Introduction 

More  so  than  ever,  extreme  detection  with  high  selectivity 
of  chemical  and  biological  species  and  pathogens  is  becoming 
critical  for  our  defense  and  civilian  security.[1]  Thus,  a  strong 
need  exists  for  affordable  sensor  design  that  results  in  a  single 
platform  offering  high  potential  functionality  with  simple  sig¬ 
nal  transduction.[2,3]  Soft  materials  are  an  excellent  choice  for 
this  purpose  not  only  because  of  ease  and  versatility  of  syn¬ 
thesis,  batch-fabrication,  and  processability,  but  because  their 
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S.  Singamaneni  et  g/./ Microcantilever  Sensors 


high  segmental  mobility  readily  responds  to  an  applied  stimuli 
by  exhibiting  pronounced  structural  changes  in  the  backbone, 
side  chains,  or  end  groups. [4_6]  This  molecular  scale  sensitivity 
can  be  engineered  to  respond  to  diverse  stimuli  because  soft 
materials  like  Lego  blocks  offer  a  wealth  of  opportunities  to 
design  responsive  structures  triggered  by  various  external 
stimuli. These  materials  can  possess  unique  topologies^ 
leading  to  unique  physical  properties^9,101,  or  can  be  rendered 
for  in-vivo  sensing  and  drug-deliveryJ11,121  Finally,  the  push  to 
incorporate  soft  materials  into  next-generation  sensors  should 


be  considered  a  natural  progression  that  is  based  on  the  prin¬ 
ciple  of  mimicking  natural  sensing  structures  in  organisms 
that  have  had  centuries  to  develop  extreme  sensing. [6, 131 
Whereas  semiconductors  and  metal  oxides  have  been  the  tra¬ 
ditional  active  sensing  materials  in  microelectromechanical 
systems  (MEMS),  soft  matter-inclusive  sensors  bring  a  desir¬ 
able  diversity  in  signal  transduction  principles,  tailorability, 
and  multifunctionality  that  the  traditional  materials  cannot 
offerJ141  On  the  other  hand,  inorganic  materials  (such  as  sili¬ 
con)  are  well  established  in  microdevices,  and  this  foundation 
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is  not  likely  to  change  anytime  soon.  Thus,  hybrid  structures, 
which  consist  of  these  two  very  diverse  components,  should  be 
considered  as  an  attractive  design  paradigm  to  advance  sensor 
science  and  technology. 

1.1.  Responsive  Soft  Materials 

Adaptive  and  responsive  soft  materials  with  tunable  proper¬ 
ties  that  are  readily  controlled  by  environmental  conditions 
(temperature,  ionic  strength,  pH,  electrical  field)  represent  a 
critical,  and  now  well-matured  field  in  nanotechnology.  These 
materials  are  considered  outstanding  candidates  for  assem¬ 
bling  “smart”  or  “intelligent”  active  structures,  and  thus  are 
instrumental  for  sensor  designs  which  require  an  agile  re¬ 
sponse  to  minute  disturbances. Significant  efforts  have  been 
made  to  design,  prepare,  characterize,  and  understand  the 
structure-properties  relationships  of  such  stimuli  responsive 
materials  (SRM)  in  a  bulk  state  or  thin  films  either  as  ultra- 
thin  surface  layers,  or  in  free-standing  state.[4,1517]  SRMs  are 
defined  as  materials  that  undergo  relatively  large,  reversible 
and  abrupt  physical,  chemical,  or  structural  changes  in  re¬ 
sponse  to  small  external  changes  in  the  local  environmental 
conditions.^18]  It  has  been  demonstrated  that  the  reorganiza¬ 
tion  of  these  materials  on  a  molecular  scale  translates  to  dra¬ 
matic  changes  in  bulk  and  surface  properties,  thus,  creating 
switchable  or  responsive  materials  with  controlled  wettability, 
mechanical  response,  heterogeneity,  charge,  adhesion,  and 
chemical  functionality,  all  of  which  can  be  potentially 
exploited  for  both  sensing  and  microactuation.  [19,2°] 

Among  materials  and  structures  widely  used  as  responsive 
media  are  self-assembled  monolayers  (SAMs)  from  alkylsi- 
lanes  and  alkylthoils,  Langmuir-Blodgett  (LB)  films  from  var¬ 
ious  amphiphilic  molecules,  homo-  and  copolymers  with  dif¬ 
ferent  chain  architectures,  grafted-to  and  -from  polymer 
brush  layers,  polymer  layers  filled  with  inorganic  and  carbon 
nanoparticles  and  tubes,  biological  molecules  with  selective 
binding  abilities,  and  molecules  with  “clickable”  molecular 
shaped4,7,816’21]  The  ability  of  these  materials  to  act  as  the  re¬ 
sponsive  media  is  directly  related  to  the  ability  of  intra-  or  in- 
termolecular  reorganization  controlled/triggered  by  subtle 
changes  in  weak  interactions  with  external  stimuli  and  ana¬ 
lytes.  Two  prominent  examples  are  dramatic  changes  in  sur¬ 
face  tension/energy  of  functionalized  SAMs  upon  adsorption 
of  even  few  molecules  and  collapse/swelling  of  polymer 
brushes  after  treatment  with  bad  or  good  solvents  (see  discus¬ 
sion  below)  J19,22] 

SAMs  remain  very  popular  responsive  materials  due  to  rel¬ 
atively  easy  formation  of  these  dense,  robust,  and  uniform 
monolayers  with  readily  controllable  surface  functionality. 
This  way,  surface  properties  can  be  controlled  ranging  from 
highly  hydrophobic  state  for  methyl-  and  fluoro-terminated 
SAMs  to  highly  hydrophilic  state  of  carboxy-  and  hydroxyl- 
terminated  SAMs  or  highly  reactive  functionality  of  epoxy- 
and  amino-terminated  SAMsJ22  25]  Their  ability  to  selectively 
bind  to  specific  analyte  molecules  from  solution  or  gas  phase 


followed  by  dramatic  changes  in  surface  energy,  intermolecu- 
lar  ordering,  or  overall  monolayer  mass  is  widely  recognized 
as  a  means  to  detect  these  binding  effects. 

Numerous  classes  of  polymers  and  structures  such  as  cross- 
linked  and  reversible  hydrogels,  brush  macromolecules,  mi¬ 
celles  and  polymer/biopolymer  conjugates  have  been  em¬ 
ployed  for  various  applications  including  sensing,  actuation, 
delivery  of  therapeutics,  tissue  engineering,  and  biosepera- 
tionsJ4,5,18,26,27]  For  instance,  hydrogels  are  three-dimensional 
(3D)  network  of  polymer  chains,  chemically  or  physically 
linked  with  each  other,  partially  solvated  by  water  molecules. 
Their  unique  structure  enables  them  to  exhibit  large  revers¬ 
ible  swelling  in  aqueous  environment  making  them  excellent 
responsive  materials.  Stimuli-responsive  hydrogels  could  be 
reversibly  transformed  by  environmental  stimuli,  exhibiting 
abrupt  sol-gel  transition  with  dramatic  change  of  volume  and 
properties. [28,29]  On  the  other  hand,  poly(A-isopropylacrylam- 
ide)  (PNIPAM)  is  probably  the  most  studied  synthetic  respon¬ 
sive  polymer  which  undergoes  an  LOST  phase  transition  at 
physiologically  relevant  32  °C  changing  from  a  hydrophilic 
state  (below  LOST)  to  a  hydrophobic  state  (above  LOST). 
Moreover,  the  phase  transition  temperature  of  the  PNIPAM 
can  be  tuned  by  incorporation  of  co-monomer  units  into  the 
homopolymer J30,31]  Thin  polymer  films  and  patterned  surface 
layers  from  PNIPAM-based  materials  and  some  other  block- 
copolymers  show  switchable  adhesive  and  mechanical  proper¬ 
ties.1 [32_34] 

For  amphiphilic  block  copolymers,  hydrophobic  effect 
causes  different  blocks  to  aggregate  and  form  micelles  in 
aqueous  medium.  There  are  several  examples  demonstrating 
the  structural  changes  in  these  polymer  micelles  under  vary¬ 
ing  pH  and  temperature. [35,36]  For  example,  poly(alkene  ox¬ 
ides)  combined  with  poly(styrene)  forms  permanent  nanopar¬ 
ticles  due  to  the  self-organization  of  this  AB  diblock 
copolymer.  Peculiar  stimuli-sensitive  surface  behavior  was 
demonstrated  for  single  molecules,  gradient  films,  and  mono- 
layer  films  of  dendritic  copolymers,  star  block  copolymers, 
ABA  tri-block  copolymers J37-41! 

Yet  another  important  class  of  materials,  which  have  been 
extensively  investigated  for  responsive  surfaces  are  the  so 
called  polymer  b rushes}42^  In  its  simplest  form,  polymer 
brush  is  comprised  of  grafted  polymer  chains  extending  away 
from  the  substrate  so  that  the  end-to-end  distance  in  a  good 
solvent  is  larger  than  unperturbed  dimensions.  Similar  to  any 
other  responsive  system,  external  stimuli  cause  conforma¬ 
tional  reorganization  (collapse-swelling)  resulting  in  polymer 
brushes  to  exhibit  large  and  reversible  changes  in  the  thick¬ 
ness,  adhesion,  wettability,  or  affinity  to  a  particular  analyte 
depending  on  the  design  of  the  brush  layers  (binary  brushes, 
Y-shaped,  grafted  to  or  grafted  from).[45“52] 

Ultrathin  films  of  homopolymers  and  composite  structures 
have  been  applied  as  responsive  medium  for  various  applica¬ 
tions.  For  example,  sensors  employing  thin  films  of  polyaniline 
have  been  very  effective  for  aqueous  media  J53]  These  films 
possess  excellent  stability  and  show  rapid  reversible  color 
change  upon  pH  change  due  to  varying  degrees  of  protona- 
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tion  of  the  imine  nitrogen  atoms. [54,55]  Prospective  applications 
include  sensors  in  microfluidic  systems  such  as  pH  sensitive 
gates,  oxidoreduction  sensitive  gates,  and  photo-controlled 
chemical  gates  to  regulate  flow  through  membranes. [56_59]  Hu¬ 
midity  sensors  based  on  polymer  thin  films  have  been  devel¬ 
oped  that  work  on  the  principle  that  ion  conducting  polymer 
systems  undergo  a  variation  of  the  electrical  conductivity  with 
a  variable  water  vapor  content.[60] 

There  are  numerous  examples  of  thermal,  gas,  chemical, 
and  biosensors  based  on  the  exploitation  of  specific  interac¬ 
tions  within  soft  materials.^  For  example,  polyacetylene  ex¬ 
periences  a  change  in  conductivity  of  eleven  orders  of  magni¬ 
tude  when  exposed  to  iodine  vaporJ61^  Other  heterocyclic 
polymers,  which  retain  the  7r-system,  were  later  developed, 
and  include  polyfurans,  poly  thiophenes,  and  polypyrrolesJ62,63] 
The  fundamental  responsive  mechanism  in  these  polymers 
allowing  strong  changes  in  electrical  and  optical  properties 
on  exposure  to  a  host  of  chemical  analytes  is  the  extended 
7r-conjugation  easily  disturbed  by  molecular  interactions. 
These  property  changes  can  be  observed  at  room  tem¬ 
perature  when  they  are  exposed  to  trace  amount  of  analytes, 
which  make  them  ideal  candidates  for  materials  in  gas  Sen¬ 
sors  t64] 


1.2.  Responsive  Hybrid  Structures 

While  soft  materials  are  the  best  active  sensing  materials 
they  do  not  always  provide  the  best  platform  for  microfabrica¬ 
tion  and  miniaturization }65^  On  the  other  hand,  whereas  semi¬ 
conductors  and  metal  oxides  are  the  traditional  active  materi¬ 
als  in  sensing  applications,  they  are  not  always  versatile 
enough  to  provide  multifunctional  behavior.  Conversely,  inor¬ 
ganic  materials  are  well  established  in  microde¬ 
vices  and  microfabrication.  Incorporation  of  SRM 
into  sensory  systems  brings  a  desirable  diversity  in 
signal  transduction  principles,  tailorability,  and 
multifunctionality  that  these  traditional  materials 
cannot  offer.[14]  A  combination  of  metal  nanoparti¬ 
cles  with  responsive  polymer  shells,  surface 
brushes,  or  multilayered  layer-by-layer  films  was 
demonstrated  to  be  prospective  hybrid  structures 
for  sensing  applications. [66_75]  Thus,  hybrid  struc¬ 
tures,  which  consist  of  these  two  very  diverse  mate¬ 
rial  components,  should  be  considered  as  a  strong 
design  paradigm  for  responsive  materials  and 
structures. 

Although  most  of  soft-material  based  sensors  ex¬ 
hibit  performance,  in  terms  of  sensitivity,  that  sur¬ 
passes  that  of  sensors  made  of  traditional  inorganic 
materials,  they  have  several  drawbacks,  currently 
limiting  their  usefulness  for  demanding  sensing  ap¬ 
plications.  The  primary  negative  aspect  of  most  of 
soft-matter-based  sensors  is  the  thickness  of  the 
sensing  layer,  which  must  be  typically  on  the  order 
of  several  micrometers  to  provide  sufficient  sensi¬ 


tivity.  This  exceeding  dimension  limits  the  incorporation  of 
these  sensing  layers  into  micro  and  nano-scale  sensors.  Even 
the  so-called  “ultrathin”  sensors  still  usually  have  300+  nm 
thick  films  in  the  best  (thinnest)  cases. [76,77]  Moreover,  such 
coatings  are  commonly  applied  to  electrodes^  by  a  photo-pat¬ 
terning  process  that  involves  complicated  photolithography.^ 

Besides  the  size,  construction,  and  robustness  issues,  the  tra¬ 
ditional  sensors  are  usually  engineered  to  sense  only  one  spe¬ 
cific  analyte  or  employ  only  one  detection  mode  (either  pH  or 
humidity),  and  it  is  unclear  whether  they  can  be  fabricated  to 
be  more  diverse.  Thus,  these  designs  are  typically  “niche”  sen¬ 
sors  and  are  only  useful  if  one  specific  type  of  response  must 
be  determined.  However,  in  real-life  applications  with  a  num¬ 
ber  of  external  stimuli  to  be  monitored,  this  is  not  practical. 
For  example,  weapons  or  threat  sensing  applications  require  a 
single  sensor  that  can  reliably  sense  several  different  gases 
and  chemicals  simultaneously  and  provide  selective  response. 
It  is  useless  if  a  sensor  reads  “all  clear”  to  VX  nerve  gas  be¬ 
cause  it  does  not  sense  the  thiolate  group,  but  the  user  drops 
dead  to  mustard  gas  because  the  sulfonium  salt  that  attacks 
the  skin  could  not  be  detected.  Clearly,  sensors  must  be  de¬ 
signed  and  fabricated  to  be  as  dynamic  as  possible,  and  capa¬ 
ble  of  responding  to  diverse  environmental  stimuli. 

To  design,  fabricate,  and  implement  SRMs  into  hybrid  or¬ 
ganic-inorganic  sensors,  several  steps  must  be  undertaken. 
These  efforts  can  be  split  into  three  distinct  phases  as  outlined 
in  a  Design  Approach  Pyramid  depicted  in  Figure  1  with  ma¬ 
jor  aspects  to  be  discussed  in  this  review  for  a  class  of  cantile¬ 
ver-based  sensors.  We  believe  that  the  combination  of  SRMs 
and  microfabricated,  inorganic  platform  such  as  microcantile¬ 
vers  (MC)  is  the  most  promising  way. 

In  this  review,  a  particular  emphasis  is  given  to  the  design 
and  selection  of  responsive  materials  which  are  important  for 
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What  response  do  we  want? 
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Fundamental  Foundation 


Figure  1. 

involved 


Diagram  showing  the  “Approach  Pyramid”  that  depicts  the  considerations 
in  producing  a  working  sensing  element. 
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several  key  attributes  critical  for  the  ultimate  performance  of 
bimaterial,  hybrid  MC  sensors.  We  review  the  materials  selec¬ 
tion  of  the  MCs  themselves,  the  sensitive  coatings  employed, 
and  their  specific  design  for  important  applications  in  chemi¬ 
cal  and  biological  sensing.  We  discuss  the  key  issues,  which 
need  to  be  addressed  in  the  future  before  the  technology  can 
provide  the  next  generation  of  the  miniaturized  sensors  for 
applications  spanning  the  life  sciences,  industrial  processes, 
and  antiterrorist  activities.  A  short  overview  of  novel  related 
microstructures  such  as  arrays  of  MCs,  microtuning  fork  struc¬ 
tures,  and  nanocantilevers  is  presented  as  well. 

The  selection  of  this  topic  for  a  comprehensive  review  is 
justified  not  just  by  the  fact  that  the  authors  stay  active  in  this 
field  for  a  long  time  but  an  overall  sharp  upward  recent  trend 
in  research  activities  in  this  field  brought  by  modern  realities 
and  a  changing  funding  focus.  In  fact,  in  just  over  a  decade, 
MC-based  sensing  technology  has  witnessed  a  rapid  progress 
due  to  the  significant  attention  by  a  multidiscipilnary  scientific 
community,  evident  from  the  steady  increase  in  the  number  of 
publications  in  the  last  10  years  from  a  trivial  level  of  a  few 
occasional  reports  in  the  beginning  of  90s  to  more  than 
200  peer-reviewed  papers  annualy  today  (Fig.  2).  In  the  last 
decade,  MC-based  sensors  have  proved  to  become  a  versatile 
tranduction  platform  for  various  physical,  chemical,  and  bio- 
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Figure  2.  Plot  showing  the  number  of  annual  peer  reviewed  publications 
as  obtained  from  SCI  FINDER  search  with  a  key  “cantilever  sensor”. 


logical  sensors.  The  complementary  signals  obtained  from 
MCs  in  the  form  of  static  deflection,  resonance  frequency 
shift,  and  change  in  the  Q-factor  enable  unambiguos  detection 
of  trace  amounts  of  organic  vapors,  explosives,  chemical  and 
biological  warfare  agents  with  extreme  accuracy.  Apparently, 
such  a  spur  of  activities  and  results  needs  to  be  systemized 
and  evaluated. 

2.  Trends  in  Microcantilever  Sensor  Research 

In  spite  of  the  active  developments  of  various  transduction 
mechanisms,  which  include  but  are  not  limited  to  mechanical, 
electrical,  optical,  acoustic,  electro-optical,  and  electrochemi¬ 


cal  methods,  the  field  of  sensor  design  and  engineering  has 
witnessed  a  continued  search  for  the  ideal  signal  transduction 
mechanism  to  maximize  the  transduction  efficiency.  While 
atomic  force  microscopy  (AFM),  introduced  in  the  mid  80s,  is 
an  important  milestone  in  nanoscience  and  technology,  it  also 
fueled  a  revived  interest  in  microfabrication,  and  a  plethora 
of  applications  of  micromechanical  structures. [79]  AFM  has 
long  relied  on  MCs  as  transducers  for  its  numerous  imaging 
modes[80,81]  including  topographical,  electric  potential,  mag¬ 
netic,  and  force  imaging.  As  a  natural  succession  to  their  ap¬ 
plication  as  force  transducers  in  AFM,  MCs  were  selected  as 
a  new  platform  for  transduction  in  sensing  technology  more 
than  a  decade  ago.[82]  Ever  since,  the  technology  has  emerged 
to  find  important  applications  in  chemical,  biological,  and 
thermal  sensing. 

There  are  a  number  of  cantilever  configurations  (e.g.,  with 
and  without  intrinsic  stress,  silicon  vs.  polymer,  “diving 
boards”  vs.  V-shaped)  designed  for  various  applications  (ther¬ 
mal  sensing,  IR  sensing,  chemical  sensing,  or  biosensing). 
Within  each  sensing  paradigm,  there  are  different  implemen¬ 
tation  principles  -  e.g.,  for  chemical  sensing,  one  can  sense  in¬ 
duced  stress,  weight  change,  reflectance  change,  and  so  on. 
The  change  of  stress  can  be  measured  by  piezoresistive  ele¬ 
ments,  piezoelectric  elements,  MOS  transistor,  or  light  beam 
deflections,  to  name  a  few.  The  microscopic  levers  can  be  fab¬ 
ricated  into  various  geometries  with  specific  coatings  using  a 
vast  range  of  semiconducting  and  metallic  materials  to  opti¬ 
mize  stiffness  (kb/T  noise),  conductivity,  reflectance,  and  Q 
factor.  It  is  a  huge  challenge  to  cover  existing  accomplish¬ 
ments  and  future  trends  in  a  whole  sub-field  of  microcantile¬ 
ver-based  sensing.  However,  detailed  discussion  of  the  full 
range  of  possible  cantilever  designs  is  not  the  subject  of  this 
review.  We  focus  mainly  on  materials  aspect  of  their  design 
which  is  critical  for  ultimate  sensing  applications. 

To  provide  sensing  ability  to  microcantilever  beams,  their 
top  and  bottom  surfaces  must  be  coated  in  a  chemically  well- 
defined  way  to  provide  a  functional  surface  capable  of  react¬ 
ing  with  the  target  molecules  and  a  passivated  surface  that  will 
not  significantly  react  with  the  target  molecules  thus  creating 
differential  stresses.  In  this  section,  we  briefly  introduce  the 
MC  based  transduction  principles  along  with  each  operation 
mode  and  detection  methods  of  MC  based  sensors  (Fig.  3). 
Chemical  reaction  and  deflagration  methods  of  detection  are 
also  presented  here  as  practically  important  approaches. 


2.1.  Basic  Modes  of  Operation  and  Detection 

There  are  two  basic  modes  of  operation  of  MC-based  sen¬ 
sors  namely,  static  (physical  deflection  of  the  MC)  and  dy¬ 
namic  (change  in  resonance  frequency/phase)  as  well  as  sever¬ 
al  ways  to  initiate  cantilever  reaction  such  as,  e.g.,  heat 
(deflection  due  to  differential  thermal  expansion)  or  chemical 
reaction  (Fig.  3).  In  another  example,  adsorption  of  molecules 
onto  the  surface  of  the  MC  causes  a  bending  due  to  increasing 
interfacial  stress.  Each  mode  differs  from  other  in  terms  of  the 
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Figure  3.  Schematic  representation  of  various  modes  of  operation  of 
MCs:  a)  Surface  stress  due  to  absorption  of  molecules  causing  static  de¬ 
flection;  b)  Dynamic  resonance  frequency  shift  mode  due  to  change  in  ef¬ 
fective  mass;  c)  Heat  sensing  mode  due  to  differential  thermal  expan¬ 
sion;  d)  Deflagration  of  explosive  on  the  heated  MC  surface;  e)  catalytic 
reaction  on  the  cantilever  surface. 


principle  of  transduction,  functionalization,  and  detection 
mechanisms.  Here  we  briefly  introduce  major  modes  of  op¬ 
eration  and  highlight  the  design  considerations  specific  to 
each  mode. 


2.1.1.  Static  Deflection  Mode 


The  asymmetry  of  a  functionalized  top  surface  and  a  passi¬ 
vated  bottom  surface  is  especially  important  for  the  static  de¬ 
flection  mode.  The  MC  flexural  behavior  is  controlled  by  the 
spring  constant  k  of  the  cantilever,  which  is  defined  by  materi¬ 
al  properties  and  MC  geometrical  dimensions.  For  a  rectangu¬ 
lar  microcantilever  of  length  /,  thickness  t ,  and  width  w,  the 
spring  constant  k  is  calculated  as  follows: 


a) 


where  E  is  Young’s  modulus  ( Esi  =  1.3  x  10n  N  m“2  for 
Si(100)).  Typical  spring  constants  for  common  MCs  of  several 
hundred  micrometers  length  and  a  thickness  below  ljam  fall  in 
the  range  of  0.001  to  0.1  N  m-1.  Actual  spring  constants  can 
be  calculated  and  measured  for  various  complicated  shapes 
and  compositions  by  using  a  range  of  theoretical  and  experi¬ 
mental  approaches  as  has  been  discussed  elsewhere. [83,84] 

Assuming  that  uniform  surface  stress,  A  a,  over  the  whole 
area  of  the  cantilever  is  the  cause  for  bending,  the  shape  of 
the  bent  microcantilever  can  be  approximated  as  part  of  a  cir¬ 
cle  with  radius  R  given  by  Stoney’s  equation^85,86] 


1 

R 


6(1 -v) 

Et2 


Act 


(2) 


where  v  is  the  Poisson’s  ratio  (vSi  =  0.24).  For  a  given  deflec¬ 
tion,  the  surface  stress  change  (schematically  represented  in 
Fig.  4a)  can  be  derived  by  using  Equation  2,  which  is  however 
valid  only  for  a  surface  layer  much  thinner  than  the  beam 


I  Damped  oscillations 
cause  reduction  in  Q 


Figure  4.  Schematic  representation  of  MC  deflecting  in  static  mode  un¬ 
der  surface  stress  (a);  MC  oscillating  at  fundamental  frequency^  (b) ; 
and  viscous  damping  for  under-liquid  operation  (c)  along  with  corre¬ 
sponding  parameters. 


itself  (<  20  %).[85]  There  have  been  several  attempts  to  modify 
Stoney’s  equation  for  thicker  layers,  the  accuracy  of  which 
have  been  reviewed  in  a  recent  article  J87^ 

Static  deflection  operation  (constant  deflection  at  a  given 
constant  stress)  is  possible  in  various  environments  such  as 
vacuum,  ambient,  and  fluidic.  In  a  gaseous  environment,  mol¬ 
ecules  adsorb  on  the  functionalized  sensing  surface  and  form 
a  molecular  layer,  provided  there  is  affinity  for  the  molecules 
to  adhere  to  the  surface.  Static-mode  operation  in  liquids, 
however,  usually  requires  rather  specific  sensing  layers,  based 
on  molecular  recognition,  such  as  DNA  hybridization  or  anti¬ 
gen-antibody  recognition  as  will  be  discussed  below. 

Polymer  sensing  layers  frequently  show  a  partial  selectivity, 
because  molecules  from  the  environment  diffuse  into  the 
polymer  layer  at  different  rates,  mainly  depending  on  the  size 
and  solubility  of  the  molecules  in  the  polymer  layer.  By  select¬ 
ing  polymers  expressing  a  wide  range  of  hydrophilic/hydro¬ 
phobic  ligands,  the  chemical  affinity  of  the  surface  can  be  ma¬ 
nipulated  to  bind  various  molecules  through  intermolecular 
forces  such  as  ionic  bonds,  hydrogen  bonds  and  van  der  Waals 
forces. 

2.1.2.  Dynamic  Resonance  Frequency  Shift  Mode 

By  oscillating  a  MC  at  its  eigenfrequency  (/0,  the  resonance 
frequency  of  an  oscillating  microcantilever  is  constant  if  its 
elastic  properties  remain  unchanged  during  the  molecule  ad¬ 
sorption/desorption  process  and  damping  effects  are  negligi¬ 
ble),  information  of  adsorption  or  desorption  of  mass  can  be 
obtained  under  the  prerequisite  that  the  molecules  on  the  sur¬ 
face  might  be  in  a  dynamic  equilibrium  with  molecules  from 
the  environment. 

The  corresponding  mass  changes  can  be  determined  by 
tracking  the  change  in  eigen  frequency  (A/0)  of  the  microcan- 
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tilever  during  mass  adsorption  or  desorption  (as  shown  sche¬ 
matically  in  Fig.  4b).  In  this  dynamic  mode,  MC  is  used  as  a 
microbalance,  with  added  mass  on  the  surface  causing  the  res¬ 
onance  frequency  to  shift  to  a  lower  value.  The  mass  change 
on  a  rectangular  cantilever  during  molecular  adsorption  is  re¬ 
lated  to  the  resonance  frequency  shift  according  to[88] 

ta-4 ,31 


where  n  is  a  geometric  parameter  and  equals  0.24  for  rectan¬ 
gular  cantilevers  and  /i  the  eigenfrequency  after  the  mass 
change. 

Mass-change  determination  can  be  combined  with  variable 
but  controlled  temperature  to  facilitate  “micromechanical 
thermogravimetry  ”.[89]  In  the  mass-balance  mode,  the  sample 
under  investigation  is  mounted  at  the  apex  of  the  cantilever, 
however,  its  mass  should  not  exceed  several  hundred  nano¬ 
grams.  In  the  case  of  adsorption  or  desorption  (or  decomposi¬ 
tion  processes),  mass  changes  in  the  low  picogram  range  can 
then  be  detected  in  real  time. 

Dynamic  mode  works  efficiently  in  the  gas  phase  where  the 
quality  factor  remains  virtually  unchanged  as  compared  to 
vacuum  (the  resonance  frequency  shifts  by  a  few  percents). 
However,  in  liquid  environment,  this  approach  suffers  from 
substantial  damping  of  the  cantilever  oscillation  due  to  high 
viscosity  of  the  surrounding  medium  increasing  drag  forces 

significantly  (by  several  orders  of  magnitude).  This  damping 

-r 

results  in  a  low  quality  factor  Q  =  where  A/ is  the  full 

width  half  maximum  of  the  frequency  spectrum.  The  dramatic 
drop  in  the  quality  factor  is  usually  observed  from  the  typical 
range  of  100-1000  in  air  to  values  below  50.  Under  these  condi¬ 
tions,  the  resonance  frequency  shift  is  difficult  to  track  with 
high  resolution  and  thus  the  overall  sensitivity  decreases  dra¬ 
matically.  While  in  air  a  frequency  resolution  of  below  1  Hz  is 
easily  achieved  for  common  cantilevers,  resolution  values  of 
only  about  20  Hz  is  considered  very  good  for  measurements  in 
liquid  environment.  Moreover,  in  the  case  of  damping  or 
changes  of  the  elastic  properties  of  the  cantilever  during  the  ex¬ 
periment,  e.g.,  stiffening  or  softening  by  adsorption  of  a  mole¬ 
cule  layer,  the  measured  resonance  frequency  will  not  be  ex¬ 
actly  the  same  as  the  eigenfrequency,  and  the  mass  derived 
from  the  frequency  shift  will  be  inaccurate.  Dynamic  operation 
in  large  damping  environment  is  described  in  detail  in  Ref.  [90]. 

A  novel  design  for  interrogation  of  solution  eliminating 
these  difficulties  has  been  very  recently  reported  by  Burg  et 
ai  t91]  The  authors  suggested  the  fabrication  of  the  MCs  with 
microfluidic  channels  embedded  into  the  cantilever  as  shown 
in  Figure  5a.  The  fluid  continuously  flowing  through  the  chan¬ 
nel  to  deliver  the  analyte  species  causes  a  change  in  the  reso¬ 
nant  frequency  of  the  suspended  microchannel  due  to  binding 
of  the  analyte  to  the  complementary  species  without  compro¬ 
mising  on  the  cantilever  performance  (Fig.  5b).  A  transient 
flow  of  the  particle  through  the  channel  results  in  temporal 


b 


c 


Time 

Figure  5.  Schematic  representation  of  the  suspended  microfluidic  reso¬ 
nator  structure  (a)  and  the  resonance  response  of  the  structure  (b)  for 
analyte  binding  to  the  complementary  species  and  the  transient  reso¬ 
nance  shift  for  the  particles  traversing  the  channel  (c).  Reproduced  with 
permission  from  [91].  Copyright  2007  Nature  Publishing  Group. 


dips  in  the  resonance  frequency  (Fig.  5c)  depending  on  the 
position  of  the  particles  along  the  channel.  An  excellent  qual¬ 
ity  factor  of  15000  was  reported  for  a  microresonator  channel 
filled  with  water  or  air  and  the  ability  to  detect  single  biomol¬ 
ecules  and  nanoparticles  in  fluid  with  a  mass  resolution  reach¬ 
ing  300  attograms  was  demonstrated.^  It  is  important  to 
note  that  the  typical  quality  factor  for  a  MC  submerged  in  liq¬ 
uid  is  more  than  two  orders  of  magnitude  smaller.  This  new 
design  paradigm  has  the  potential  to  significantly  improve  the 
applications  of  MCs  for  fluidic  environment. 

2.1.3.  Heat  Sensing  Behavior 

Bimaterial  MCs  comprised  of  two  layers  exhibit  bending 
with  change  in  temperature  due  to  thermal  expansion  differ¬ 
ences  (Fig.  6).  This  very  well-known  phenomenon  is  fre¬ 
quently  referred  to  as  the  “bimetallic  effect”  and  correspond¬ 
ing  structures  are  called  bimorphs.[92,93]  In  reference  to  the 
MC-based  sensors,  this  mode  of  operation  is  frequently 
referred  to  as  ‘heat  mode’.[82]  Due  to  the  differential  thermal 
expansion,  silicon  nitride  cantilevers,  for  example,  with  a  thin 
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Figure  6.  Schematic  representation  of  the  bimaterial  structure  applied  for 
IR  imaging:  a)  bimaterial  MC  in  rest;  b)  static  deflection  of  the  MC  due 
to  the  differential  thermal  expansion. 

gold  film  on  one  side  undergo  measurable  bending  in  re¬ 
sponse  to  extremely  small  temperature  changes  due  to  the  dif¬ 
ferential  stress  in  the  cantilever  generated  by  dissimilar  ther¬ 
mal  expansion  of  the  silicon  nitride  cantilever  and  the  gold 
coating  (Fig.  6).[15]  Heat  change  can  be  either  caused  by  exter¬ 
nal  influences,  such  as  change  in  environmental  temperature 
(thermal  detection),  or  occuring  directly  on  the  surface  by  cat¬ 
alytic  reaction,  or  initiated  by  the  thermal  material  properties 
of  a  sample  attached  to  the  apex  of  the  cantilever  (microme¬ 
chanical  calorimetry). 

The  steady  state  deflection  of  the  tip  of  a  bimaterial  cantile¬ 
ver  in  response  to  a  temperature  change,  AT,  is  given  by[93] 
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zation  of  the  cantilever  design  can  not  be  achieved  based  on 
the  condition  of  the  maximum  displacement  alone.  For  exam¬ 
ple,  the  amplitude  of  cantilever  deflection  increases  as  the 
square  of  the  bimaterial  length,  /b.  However,  as  the  cantilever 
length  increases  so  does  the  thermal  noise  which  limits  the 
achievable  resolution.  However,  the  best  sensitivity  of  the 
cantilever  heat  mode  is  orders  of  magnitude  higher  than  that 
of  traditional  thermal  methods  performed  on  milligram  sam¬ 
ples,  as  it  only  requires  nanogram  amounts  of  sample  and 
achieves  nanojoules[94]  to  picojoules[95,96]  sensitivity. 

2.2.  Transduction  Mechanisms 

A  number  of  different  phenomena  acting  concurrently 
might  cause  MC  static  and  dynamic  response.  For  instance,  as 
was  discussed  above,  differential  thermal  expansion  of  the 
cantilever  substrate  and  coating  layer  results  in  the  bending  of 
the  bimaterial  cantilever  which  can  reach  60  nm  per  degree 
(Fig.  7).  However,  the  differential  thermal  expansion  can  be 
caused  by  other  reasons  such  as  radiation  induced  background 
heating  or  an  exothermic  reaction  caused  by  analyte  adsorp¬ 
tion.  Alternately,  the  changes  of  the  differential  surface  ener¬ 
gy  can  be  caused  by  preferential  adsorption  of  the  analyte  due 
to  mass  change  without  any  reaction  or  the  surface  tension 
stress  due  to  the  liquid  phase  on  one  side  of  the  cantilever 
(capillary  phenomenon). 

Here,  we  will  briefly  discuss  the  role  and  level  of  contribu¬ 
tions  in  the  cantilever  bending  of  different  factors.  Figure  7 
summarizes  the  most  common  transduction  mechanisms  with 
typical  attributes  such  as  the  stress  and  deflection  of  the  MC 
or  the  resonance  frequency  shift.  The  estimation  of  the  linear 
stresses  developed  and  corresponding  typical  cantilever  de¬ 
flections  have  been  estimated  by  using  the  Stoney’s  equation 
and  literature  data  available. 


where  lb  is  the  bimaterial  microcantile¬ 
ver  length,  tj  and  t2  are  the  thickness  of 
the  coating  and  the  microcantilever  sub¬ 
strate,  a\  and  a  2  are  the  thermal  expan¬ 
sion  coefficients  of  the  coating  and 
microcantilever,  and  E1  and  E2  are  the 
corresponding  Young’s  moduli.  As 
shown  in  Figure  6,  A z  refers  to  the  verti¬ 
cal  deflection  of  the  centerline  of  the  mi¬ 
crocantilever,  at  its  outmost  (right)  end. 

It  can  be  concluded  from  Equation 
4  that  the  A z  linearly  depends  upon  dif¬ 
ference  in  thermal  expansion  coeffi¬ 
cients  and  temperature  gradient.  The 
deflection  also  can  be  maximized  by  de¬ 
signing  MCs  with  proper  geometry  in 
addition  to  selecting  appropriate  bima¬ 
terial  layers.  Although  the  thickness  of 
each  layer  as  well  as  the  overall  length 
of  the  cantilever  have  a  dramatic  effect 
on  the  displacement  magnitude,  optimi- 
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Figure  7.  Schematic  representation  of  the  transduction  mechanisms  of  MC  based  sensors  with  the 
typical  range  of  the  surface  stress  and  the  deflection  achieved  in  each  case  for  typical  MC  dimen¬ 
sions. 
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In  the  capillary  phenomenon,  the  liquid  droplets  adsorbed 
on  the  surface  of  the  cantilever  apply  normal  forces  on  the 
cantilever  due  to  the  vertical  component  of  the  surface  energy 
of  liquid-vapor  interface.  It  has  been  recently  experimentally 
demonstrated  that  the  vertical  component  (yLV  sim)  of  the 
surface  energy,  which  is  neglected  for  immovable  surfaces  in 
the  Young’s  equation,  can  cause  significant  deflection  of 
freely  suspended  structures  but,  generally,  the  static  deflection 
caused  by  this  phenomenon  does  not  exceed  100  nmJ97' 

The  differential  surface  stress  due  to  preferential  adsorption 
of  the  analyte  is  the  primary  transduction  mechanism  for  MCs 
functionalized  with  SAMs  and  metals  where  coatings  have 
special  affinity  to  the  analyte  molecules  while  the  other  sur¬ 
face  remains  largely  insensitive  to  them.  Differential  stress 
can  be  as  high  as  0.5  N  m1  resulting  in  large  static  deflections 
approaching  1000  nm,  both  high  values  far  exceeding  any 
other  contributions  (Fig.  7).  Moreover,  dimensional  changes 
in  the  sensitive  materials  (e.g.,  polymer  layers)  due  to  the 
sorption  of  the  analyte  molecules  termed  as  swelling  or  de¬ 
swelling  might  result  in  even  larger  interfacial  stress  (as  high 
as  few  MPa  in  some  cases  discussed  below)  in  the  bimaterial 
structure  causing  the  bending  of  the  entire  structure  by  many 
micrometers  clearly  overshadowing  other  contributions. 

Adsorption  and  desorption  of  the  analyte  on  the  surface 
and  bulk  of  the  functional  coating  result  in  change  in  the  ef¬ 
fective  mass.  The  overall  stress  developed  is  not  very  high  (be¬ 
low  0.01  N  m1)  and  the  deflection  is  modest  (around  10  nm 
in  most  cases)  and  are  difficult  to  detect  (Fig.  7).  Biomolecu- 
lar  interactions  (DNA  hybridization,  protein  conformation 
changes,  antibody-antigen  interactions)  also  cause  a  shift  in 
resonance  frequency  or  cantilever  deflection  due  to  differen¬ 
tial  surface  stress. [98]  This  deflection  originates  from  osmotic 
pressure  when  biomolecules  bind  closely  packed  on  one  sur¬ 
face  of  the  lever.  Practical  deflection  measurements  thus  typi¬ 
cally  rely  on  high  surface  density  of  receptor  molecules  and 
close  packing  of  bound  analyte  rather  than  on  just  added  mass 
effect.  The  resonance  frequency  of  the  microcantilever  de¬ 
creases  as  mass  is  bound  to  the  surface  with  typical  sensitivity 
approaching  1  pg/Hz.  Changes  in  resonance  frequency  are 
typically  concurrent  with  deflection  of  the  cantilever. 

2.3.  Methods  of  Detection 

Numerous  methods  have  been  developed  for  the  monitor¬ 
ing  the  MC  deflection  in  the  context  of  their  application  as 
force  transducers.  The  detection  schemes  employed  can  be 
classified  broadly  as  optical  (optical  lever  and  interferometry) 
and  electrical  schemes  (piezoresisitve,  piezoelectric,  capaci¬ 
tance,  electron  tunneling).  The  optical  lever  technique  in 
which  light  is  reflected  from  the  back  of  the  MC  onto  a  posi¬ 
tion  sensitive  photodetector  is  similar  to  the  readout  scheme 
widely  used  in  commercial  AFM  systemsJ9^  The  deflection  of 
the  cantilever  is  thus  translated  in  photodiode  output  voltage 
which,  with  proper  calibration,  can  be  converted  into  actual 


z-deflection.  This  technique,  which  offers  a  detection  limit 
better  than  1  A  and  is  mainly  limited  by  thermal  vibrations, 
was  successfully  adapted  for  the  detection  of  static  and 
dynamic  signals  in  MC  based  sensors.  This  method  has  been 
extended  to  cantilever  arrays  using  multiple  lasers. [100]  Light 
from  eight  individual  light  sources  can  be  coupled  into  an  ar¬ 
ray  of  multimode  fibers  and  guided  onto  the  sensor  array.  Re¬ 
flected  light  is  directed  to  a  position-sensitive  detector  (PSD) 
and  the  photocurrents  are  converted  into  voltages.  In  recent 
study,  the  eight  light  sources  were  switched  on  and  off  individ¬ 
ually  and  sequentially  detected  by  time-multiplexingJ101^ 

Apart  from  the  disadvantages  such  as  requirement  of  pre¬ 
cise  alignment,  low  opacity  and  low  turbidity  medium  of  op¬ 
eration,  the  primary  drawback  of  this  approach  is  the  limited 
bandwidth  which  makes  it  extremely  difficult  to  extend  it  to 
arrays  of  cantilevers  and  nanomechanical  resonant  structures. 
In  contrast,  optical  interferometry  offers  higher  bandwidth 
measurement  and  has  been  introduced  as  a  MEMS-based 
technique  which  shows  a  great  promise  for  the  readout  ap¬ 
proach  for  large  MC  arrays. [102,103] 

Piezoresistivity  of  a  material  (e.g.,  doped  silicon)  under  ex¬ 
ternal  strain  has  been  translated  to  monitor  the  deflection  of 
the  MCsJ104  106^  Piezoresisitive  detection  method  obviates  the 
need  for  a  complex  alignment  procedure  which  is  often  a  seri¬ 
ous  problem  in  optical  based  detection  methods.  It  is  also  im¬ 
portant  to  note  that  piezoresistance  method  facilitates  the 
measurement  of  huge  deflections  while  the  optical  detection 
method  is  limited  to  a  smaller  range  (typically  few  microme¬ 
ters).  However,  in  addition  to  the  lower  resolution  (typically 
0.5  to  lnm)  compared  to  the  optical  technique,  the  primary 
disadvantage  of  the  piezoresistive  detection  method  is  the 
continuous  thermal  drift  due  to  the  heat  generated  by  the  cur¬ 
rent  flow  through  the  piezoresistor  on  the  cantilever  which 
might  interfere  with  the  long-term  stability  of  MC  response. 

The  other  important  electrical  method  is  the  self-sensing 
piezoelectric  cantilevers  in  which  a  piezoelectric  material  (such 
as  ZnO)  is  deposited  on  the  MCs.[107_109]  This  detection  mecha¬ 
nism  takes  advantage  of  the  piezoelectric  effect,  where  a 
change  in  mechanical  stress  (cantilever  bending)  causes  the  in¬ 
duction  of  transient  charges  finally  translated  into  a  change  in 
voltage.  Although  this  approach  offers  freedom  from  the  bulky 
optical  instrumentation  and  inconsistencies  of  laser  alignment, 
it  requires  additional  steps  in  the  fabrication  process  to  inte¬ 
grate  a  piezoelectric  material  into  the  MC  thus  making  micro¬ 
fabrication  process  more  expensive  and  cumbersome. 

Another  approach  of  cantilever  deflection,  capacitance 
method,  is  based  on  the  principle  that  the  change  in  the  dis¬ 
tance  between  the  capacitor  plates  effectively  changes  the 
overall  capacitance  of  the  device.  The  deflection  of  the  MC  is 
measured  by  the  changes  in  the  capacitance  between  a  con¬ 
ductor  electrode  and  the  MC  substrate.[no,m]  Despite  its  sim¬ 
plicity,  this  method  suffers  from  undesired  interference  effects 
and  the  change  in  the  dielectric  medium  between  the  capaci¬ 
tor  plates  which  also  changes  the  capacitance  along  with  grad¬ 
ual  discharge. 
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Very  recently,  Dravid  and  coworkers  have  introduced  a 
novel  method  for  the  detection  of  the  deflection  of  MCs 
where  they  have  embedded  a  metal  oxide  semiconductor  field 
effect  transistor  (MOSFET)  in  the  base  of  the  MC  sub¬ 
strate. [112]  The  surface  stress  caused  by  the  deflection  of  the 
MC  results  in  an  increase  in  the  channel  resistance  due  to  the 
change  in  carrier  mobility.  Although  the  detection  limit  or 
maximum  resolution  (about  5  nm)  currently  achieved  by  the 
technique  cannot  even  closely  match  that  of  the  optical  meth¬ 
ods  (<  0.1  nm),  the  technique  offers  the  unique  advantage  of 
obtaining  arrays  of  MCs  with  built-in  detection  elements  en¬ 
abling  seamless  monolithic  integration. 

3.  Design  and  Fabrication  of  Bimaterial  Structures 

3.1.  Fabrication  of  Microcantilevers 

Traditionally,  MC  sensors  have  been  fabricated  by  a 
photolithographic  process  and  bulk  micromachining  or  sur¬ 
face  micromachining  of  single  crystal  silicon,  polycrystalline 
silicon,  silicon  nitride,  or  silicon  dioxide  producing  struc¬ 
tures  with  a  wide  range  of  lengths  from  100  to  500  jam  (typi¬ 
cally  within  150-300  jam)  and  a  thickness  of  0.5  to  5  jam 
(typically,  within  0.5-1  jam)  (Fig.  7).  These  dimensions  and 
materials  result  in  spring  constants  ranging  from  0.001  to 

o.i  n  m-nil3.n4i 

However,  there  have  been  several  recent  reports  where 
other  non-traditional  materials  such  as  metals,  polymers, 
and  nanocomposites  have  been  employed  to  obtain  cantile¬ 
ver  structures  instead  of  traditional  microelectronic  materi¬ 
als.  For  instance,  lithographically  defined  polymer  micro¬ 
cantilevers  were  fabricated  from  epoxy  based  photoresist 
(SU-8)  with  integrated  gold  layers  serving  as  the  piezoresis- 
torsJ115,116^  The  elastic  modulus  of  SU-8  is  nearly  40  times 
lower  than  silicon  making  the  polymeric  cantilevers  signifi¬ 
cantly  soft  and  support  reversible  deflections  up  to  nearly 
100  jam  which  is  rarely  sustainable  with  silicon  cantilevers. 
However,  it  is  important  to  note  that  the  gauge  factor  of 
the  SU-8  is  nearly  50  times  smaller  than  that  of  silicon, 
causing  the  effective  piezoresistive  sensitivity  on  the  same 
order  as  silicon  based  cantilevers. 

In  an  alternate  method,  polymer  cantilevers  with  an  aspect 
ratio  close  to  200  have  been  produced  by  injection  molding  of 
polymer  melts  such  as  polystyrene,  polypropylene,  and  nano¬ 
clay/nylon  composite  into  preformed  commercially  available 
micromolds  J117,118^  In  other  study,  Layer-by-Layer  (LBL) 
technique,  which  offers  nanometer  control  over  the  thickness 
of  the  polymer  films,  has  proven  to  provide  a  multitude  of  soft 
free  standing  micromechanical  structures  with  high  degree  of 
mechanical  integrity  and  flexibility  and  very  minute  thickness 
unachievable  by  common  microfabrication  procedures.^17,73,1191 
LBL  assembly  of  polycations,  clay,  and  magnetite  nanoparti¬ 
cles  employed  in  this  study  produced  170  nm  thick  free  stand¬ 
ing  composite  cantilevers,  which  could  be  actuated  by  a  mag¬ 
netic  fieldJ1191 


3.2.  Inorganic  MC  Coatings 

As  has  been  discussed  above,  for  sensing  applications  the 
MC  substrate  must  be  coated  with  other  materials  (inorganic 
or  organic)  making  them  bimaterial  structures.  One  of  the  ear¬ 
liest  demonstration  of  gas  sensors  based  on  MCs  was  reported 
by  Thundat  et  al.[1201  In  this  study,  MCs  were  coated  with  20- 
50  nm  gold  to  detect  mercury  vapor.  The  authors  demonstrat¬ 
ed  that  the  adsorption  of  mercury  vapor  on  the  gold  layer  re¬ 
sults  in  a  change  in  the  effective  mass  of  the  cantilever  causing 
a  detectable  variation  in  the  resonance  frequency.  Following 
this  demonstration,  there  have  been  numerous  reports  where 
metals  and  metal  oxides  have  applied  on  MCs  as  active  ab¬ 
sorbing  layers  or  in  contrast  passivating  layers  causing  prefer¬ 
ential  sorption  of  the  analyte  on  one  side  of  the  cantile- 

ver  [110,115,121,122] 

Metal  coatings  on  MCs  have  been  primarily  fabricated  by 
either  sputter  coating  or  thermal  evaporation.  Kadam  et  al 
have  performed  a  comparative  study  of  the  Hg  sensing  ability 
of  MCs  with  sputter  coated  and  thermally  evaporated  Au 
films. [123]  Although  both  the  coatings  resulted  in  bending  in 
the  same  direction  upon  exposure  to  Hg,  the  deflection  re¬ 
sponse  of  the  thermally  evaporated  films  tended  to  decay  over 
time.  Mertens  et  al.  have  studied  the  topological  effects  of 
thermally  evaporated  gold  films  on  the  molecular  adsorption 
and  nanomechanical  response  of  the  MCs.[124]  They  have 
found  that  smaller  thicknesses  and  low  deposition  rates  of  Au 
result  in  large  residual  stress  in  the  films  due  to  the  formation 
of  well  defined  grain  boundaries  and  this,  in  turn,  leads  to  high 
sensitivity  and  reproducibility  to  molecular  adsorption.  For 
low  deposition  rates  and  thin  films,  the  granular  nanostructure 
of  the  Au  films  (shown  in  Fig.  8)  provides  enhanced  surface 
area  and  confinement  of  analyte  molecules  in  the  nanocavities 
(interstices  between  the  nanograins)  to  enhance  the  sensitivity 
of  the  MCs.  In  fact,  two  orders  of  magnitude  increase  in  the 
sensitivity  was  observed  by  depositing  Au  on  randomly  grown 
silicon  nanowires  on  the  cantilever  to  enhance  the  surface 


3.3.  Organic  Layers  as  Responsive  Coatings 

While  the  initial  demonstrations  of  the  MC  based  sensor 
devices  primarily  relied  on  metal  coatings  due  to  the  relatively 
straightforward  coating  processes,  these  bimaterial  cantilevers 
are  limited  in  their  applications  due  to  their  limited  chemical 
functionality  and  affinity  to  common  targeted  molecules.  To 
enhance  the  functionality  of  the  MC  based  sensors,  numerous 
organic  species  have  been  applied  as  responsive  coatings  such 
as  SAMs,  biomolecules  (DNA,  specific  antibodies,  polypep¬ 
tides,  nucleotides),  lipid  layers,  homopolymers,  block  copoly¬ 
mers,  plasma  polymers,  polymer  brushes,  polymer/inorganic 
nanocomposites,  hydrogels,  and  sol-gel  layers  to  detect  var¬ 
ious  physical,  chemical  and  biological  stimuli  as  will  be  dis¬ 
cussed  below.  In  particular,  responsive  organic  coatings  are 
important  to  optimize  several  key  attributes,  specifically  high 
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Figure  8.  AFM  topography  images  of  thermal  evaporated  topmost  gold  layers  and  the 
corresponding  static  deflection  of  the  MC  for  MCH  adsorption  at  a  rate  of  a)  0.02  nm 
s-1,  b)  0.2  nm  s-1,  c)  0.3  nm  s-1.  Reproduced  with  permission  from  [124].  Copyright 
2007  American  Institute  of  Physics. 


sensitivity,  selectivity,  fast  response  time,  wide  dynamic  range, 
and  long  shelf  life  critical  for  their  ultimate  performance  as 
was  discussed  earlier.  MCs  are  no  exception  to  this  and  one 
has  to  consider  several  factors  in  designing  the  bimorph  mate¬ 
rials  to  preserve  the  inherent  outstanding  attributes  of  the 
transduction  system. 


solution  (milli  molar)  of  desired  organic  molecule 
(e.g.,  alkanethiols)  in  aqueous  or  organic  solvent 
(e.g.,  water,  ethanol)  to  enable  the  formation  of 
the  SAM  on  the  metal  surface.  However,  forma¬ 
tion  of  densely  packed  SAMs  on  the  surface  of  the 
cantilever  by  classical  approach  takes  a  long  time 
often  extending  from  tens  of  hours  to  a  few  days 
and  is  a  subject  of  irregularities  caused  by  external 
impurities. [127]  Furthermore,  the  technique  poses 
potential  damage  to  the  MCs  due  to  significant 
stress  caused  by  the  surface  tension  especially  dur¬ 
ing  a  drying  stage. 

As  an  alternate  method,  inkjet  deposition  of 
SAMs  has  been  considered  and  implemented.  In 
this  method,  microdroplets  (5-25  jul)  of  solutions 
are  delivered  locally  to  the  selected  surface  areas 
on  the  cantilever /133,134]  Evaporation  of  the  drop¬ 
lets  (within  a  few  seconds)  and  subsequent 
removal  of  excess  molecules  by  immersing  the 
cantilever  in  solvent  bath  results  in  the  fast  forma¬ 
tion  of  uniform  SAMs  on  the  surface  of  the  MC. 
For  example,  Bietsch  et  al,  have  successfully  dem¬ 
onstrated  the  alternate  deposition  of  hydrophobic 
(octanedecanethiol)  and  hydrophilic  (mercaptoun- 
decanoic  acid)  monolayers  on  an  array  of  eight 
MCs  and  subsequent  differential  condensation  of 
water  on  the  two  sets  of  MCs  making  them  essen¬ 
tially  bi-functional  array  (Fig.  9)/133^  The  primary 
advantage  of  the  inkjet  printing  over  the  classical 
self-assembly  in  solution  is  that  the  former  is  relatively  fast 
and  modestly  destructive.  Inkjet  printing  also  provides  a  spa¬ 
tial  resolution  of  a  few  hundred  micrometers  and  thus  addi¬ 
tionally  enables  the  functionalization  of  arrayed  cantilevers 
with  different  functional  layers,  an  important  capability  for 
multifunctional  sensor  fabrication. 


3.3.1.  Self-Assembled  Monolayers 


3.3.2.  Polymer  Layers 


The  application  of  SAMs  to  one  side  of  MCs  has  been  one 
of  the  prime  techniques  exploited  to  induce  preferential  ad¬ 
sorption  of  the  analyte  molecules.  Surface  modification  with 
SAMs  is  inspired  by  the  classical  approach^  in  which  the 
MC  is  initially  coated  with  gold  on  one  side  by  either  sputter¬ 
ing  or  thermal  evaporation.  For  example,  MCs  coated  one- 
side  with  gold  have  been  further  modified  with  a  thiol  SAM 
to  detect  ppb  level  of  cesium  ions  in  the  presence  of  high  con¬ 
centration  of  interfering  potassium  ions/126^  Following  this  ini¬ 
tial  demonstration,  there  have  been  several  other  impressive 
demonstrations  where  SAMs  have  been  applied  for  the  detec¬ 
tion  of  metal  ions,  plastic  explosives,  nerve  agents,  and  organic 
vapors/127-132^  SAMs  offer  a  wide  choice  of  chemical  function¬ 
ality  for  obtaining  layers  with  specific  affinity  for  the  target 
analyte  species,  making  the  cantilever  response  highly  selec¬ 
tive.  Robust  and  repeatable  performance  and  selectivity,  how¬ 
ever,  require  a  densely  packed,  high  quality  SAM  on  the  can¬ 
tilever  surface.  The  cantilevers  are  immersed  in  dilute 


Modification  of  MCs  with  thin  polymer  layers  is  probably 
the  most  common  approach  employed  in  applications  involv¬ 
ing  chemical  vapor  sensing.  Various  methods  such  as  drop 
casting/135-138^  spin  coating/139’140^  inkjet  printing, [133]  spray 
coating/141,142^  capillary  painting/143^  plasma  polymeriza¬ 
tion/14^  in  situ  polymerization/145-148^  grafting  to  via  SAM 
functionalization/149^  and  matrix  assisted  pulsed  laser  evapo¬ 
ration  (MAPLE)^150^  have  been  adapted  for  modifying  MCs. 

While  the  response  of  the  MCs  coated  from  SAMs  is  due  to 
the  differential  surface  stress  caused  by  changes  in  surface  en¬ 
ergy,  the  major  contribution  to  the  response  of  MCs  coated 
with  polymer  layers  is  due  to  the  solvation  forces  and  swelling 
of  the  polymer  layers.  The  sorption  of  the  analyte  molecules 
into  the  polymer  film  (swelling)  results  in  relatively  large  dif¬ 
ferential  stresses  as  compared  with  traditional  SAM  coatings. 
It  is  important  to  note  that  the  magnitude  of  the  response,  the 
response  time,  and  the  selectivity  of  the  MC  sensors  all  scale 
with  the  thickness  of  the  polymer  layer.  Various  effects  such 
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Figure  9.  Ink  jet  printing  of  responsive  layers  on  an  MC  array  (a);  optical 
micrograph  of  the  process  (b);  condensation  of  water  on  cantilever  array 
coated  with  hydrophilic  (MUA)  and  hydrophobic  (ODT)  layers  (c).  Repro¬ 
duced  with  permission  from  [133].  Copyright  2004  IOP  Publishing  Ltd. 

as  electrostatic,  osmotic,  solvation,  and  steric  contribute  to¬ 
wards  the  response  of  the  polymer  layers  to  the  variable 
chemical  environment.  For  instance,  Thundat  et  al  have  dem¬ 
onstrated  a  humidity  sensor  based  on  silicon  nitride  MCs 
modified  with  hygroscopic  phosphoric  acid  and  23  nm  gelatin 
layers^151]  In  the  case  of  the  cantilevers  coated  with  phospho¬ 
ric  acid,  the  MCs  exhibited  a  decrease  in  the  resonance  fre¬ 
quency  with  increasing  relative  humidity  due  to  the  increase 
in  the  effective  mass  of  the  MC.  On  the  other  hand,  the  gela¬ 
tin  coated  MCs  exhibited  an  increase  of  the  resonance  fre¬ 
quency  (explained  as  a  change  in  k  of  the  cantilever)  corre¬ 
lated  with  a  static  deflection  of  the  cantilever. 

Drop  casting,  one  of  the  most  common  methods  for  MC 
functionalization  with  polymer  layers,  involves  micropipetting 
small  droplets  (few  jul)  of  polymer  solution  on  the  cantilever 
and  allowing  solvent  evaporation  which  leaves  a  thin  polymer 
film  on  the  cantilever.  Although  the  technique  is  simple  and 
easy  to  adapt,  it  provides  almost  no  control  over  microstruc¬ 
ture  or  thickness  of  the  polymer  film  and  hence  results  in  poor 
reproducibility.  Spray  coating  of  the  polymer  solution  also  suf¬ 
fers  from  poor  reproducibility  and  results  in  not  very  robust 
bimaterial  MCs.  Spin  coating  of  the  polymers  usually  results 
in  uniform  films  with  controlled  thickness  (optimized  by  the 


spinning  conditions  and  concentration  of  the  polymer  solu¬ 
tion).  However,  spin  coating  the  cantilever  with  polymer 
layers  usually  causes  an  unwanted  deposition  on  the  passive 
side  of  the  MC  substrate  reducing  differential  stress  not  to 
mention  the  potential  damage  of  the  MC.  A  two  step  process, 
spin  coating  followed  by  focused  ion  beaming  etching,  has 
been  commonly  adapted  to  functionalize  the  MC  on  a  single 
side.  Although  the  technique  results  in  a  single  side  coating  of 
the  functional  layer,  it  is  time  consuming  and  costly  and  not 
suited  for  functionalizing  arrays  of  MCs  with  different  poly¬ 
mers. 

Plasma  polymerization  of  organic  precursors  has  recently 
been  introduced  for  obtaining  uniform  polymer  nanolayers 
acting  as  the  active  sensing  component  in  thermal  bimorphs. 
This  technique  is  a  solventless  (dry)  process,  resulting  in  or¬ 
ganic  films  with  high  solvent,  scratch,  and  corrosion  resistance 
combined  with  excellent  thermal  and  chemical  stabilityJ152,15^ 
The  underlying  mechanism  of  plasma  polymerization  involves 
in  organic  species  undergoing  fragmentation  in  plasma,  result¬ 
ing  in  excited  sub-monomer  species,  free  radicals,  and  ions 
that  can  react  with  each  other  in  the  plasma  zone,  or  at  the 
nascent  surface  layer  (Fig.  10).  Depending  upon  parameters, 
these  species  can  remain  in  a  charged  state  inside  the  layer 
(charged  polymer  layer)  or  bond  to  each  other  to  produce 


e~  +  Ar  -A  Ar  +e~ 
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M  +  Ar*  M  *  +  Ar 


Figure  10.  Basic  mechanisms  of  plasma  polymerization  and  a  typical  re¬ 
action  chamber  for  PECVD  deposition. 

highly  crosslinked  organic  films J154^  Plasma  polymerization  of¬ 
fers  the  unique  advantage  of  being  able  to  polymerize  numer¬ 
ous  organic  species,  such  as  saturated  alkanes,  unsaturated  al- 
kenes,  thiophenes,  siloxanes,  and  fluorocarbon  compounds.  It 
is  worth  noting  that  in  many  cases,  the  resulting  chemistry  of 
these  coatings  is  unique  and  often  impossible  to  fabricate  by 
traditional  wet  chemistry  techniques. 

Obviously,  to  retain  the  bimaterial-induced  bending  effect, 
the  plasma  polymerization  must  be  controlled  so  that  only 
one  side  of  the  MC  is  modified.  This  can  be  done  in  single 
step,  in-vacuum  process,  as  opposed  to  the  conventional  wet- 
fabricated  coatings  discussed  earlier.  One  of  the  other  advan¬ 
tages  of  the  plasma  polymerization  technique  is  the  excellent 
adhesion  of  the  coatings  to  numerous  substrates,  which  is 
highly  desirable  for  stress  transfer  to  the  MC. 

Figure  11  shows  the  AFM  image  of  a  spin  coated  poly- 
methacrylonitrile  (PMAN)  film  in  comparison  with  plasma 
polymerized  methacrylonitrile  (ppMAN)  film  of  the  same 
nominal  chemical  composition J144^  While  the  spin  coated  film 
exhibits  smooth  and  featureless  surface  morphology  the 
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readers  are  referred  to  an  excellent  review  on  the  subject  for 
further  insightJ1631 

It  is  reasonable  to  suggest  that  the  design  principles  estab¬ 
lished  in  these  gravimetric  devices  can  form  good  initial 
guidelines  for  designing  MC  based  sensors;  however,  care 
should  be  taken  while  adapting  these  material  selection 
schemes  without  modification.  For  example,  it  is  known  that 
elastomeric  materials  are  advantageous  compared  to  glassy 
materials  in  SAW  devices  due  to  the  better  reversibility  and 
faster  response  time.  It  is  also  known,  however,  that  the  high¬ 
er  the  elastic  modulus  of  the  coating  layer  the  greater  the 
differential  stresses  and  thus  higher  static  deflection  in  MC 
based  sensors  making  elastomeric  materials  not  very  suitable 
for  bimaterial  designs  with  high  sensitivity.  Thus,  for  bimater¬ 
ial  MCs,  structure  design  rules  need  to  be  optimized  in  accor¬ 
dance  to  the  specific  requirements. 
ppMAN  film  shows  a  characteristic  granular  morphology  with  ^  *s  a^so  imPortant  to  remember  that  the  magnitude  of  the 
highly  developed  nanoporous  structure.  This  is  similar  to  the  response,  the  response  time,  and  the  selectivity  of  the  MC 

metal  films  deposited  at  small  rates  as  previously  discussed  in  sensors  inevitably  scale  with  the  thickness  of  the  coatings.  In 

which  well  defined  grain  boundaries  in  the  case  of  the  metals  recent  study,  Betts  et  al.  have  addressed  the  issue  of  the  sensi- 

deposited  at  smaller  rates  offer  the  advantage  of  the  enhanced  tlvlt>'  and  selectivity  of  MCs  coated  with  poly(cyanopropylsi- 

surface  area  and  locked  in  residual  stress.  The  physical  prop-  loxane)  (SP-2340)  of  different  thickness.!  1  The  authors  have 

erties  of  the  plasma  polymerized  organic  films,  such  as  the  de-  observed  a  general  trend  of  decreasing  signal  to  noise  ratio 

gree  of  crosslinking,  the  elastic  modulus,  internal  (residual)  (SNR)  for  various  organic  vapors  with  increasing  film  thick- 

stress,  thermal  expansion,  adhesion,  and  surface  morphology  ness-  The  selectivity  factor  defined  as  the  ratio  of  the  response 

can  be  controlled  by  adjusting  deposition  parameters.11561  This  to  analyte  vaPor  t0  a  standard  interfering  vapor  (pentane  in 

control  includes  rate  of  deposition  of  the  monomer,  power  of  *llls  case)  exhibited  a  modest  increase  (50  % )  as  well  when 

plasma  source,  pressure  in  the  chamber,  and  flow  gas  type  and  thickness  was  increased  from  50  nm  to  100  nm  followed  by  a 

rate,  as  have  been  comprehensively  reviewed  by  Yasuda."571  sli§ht  decrease  for  thicker  coatings.  Even  more  recently,  Lo- 

Selection  of  the  responsive  polymer  coating  which  is  highly  chon  et  al  have  shown  that  the  sensitivity  (measured  in  terms 

sensitive  and  selective  (at  least  partially)  is  the  most  important  ol  a  frequency  shift)  of  poly(etherurethane)  coated  MCs  in¬ 
design  criterion  of  polymer  based  MC  sensors.  It  is  important  creases  linearly  with  thickness  of  the  coatings  (1-20  pm).11421 

to  note  that  selectivity,  response  time,  and  reversibility  are  die-  However,  the  thermal  noise  of  the  MCs  also  increased  signifi- 

tated  by  the  thermodynamics  and  kinetics  of  the  responsive  cantly  for  MCs  with  the  thicker  coating  making  the  detection 

material  interacting  with  the  analyte  molecules,  which  fre-  limit  to  stay  constant  or  even  worsening  with  the  increase  in 

quently  leads  to  a  compromise  between  high  selectivity,  typi-  the  coating  thickness.  Moreover,  they  have  also  shown  that 

cally  associated  with  strong  interactions,  and  complete  revers-  the  increase  in  the  coatin8  thickness  causes  an  increase  in  the 

ibility  requiring  weak  interactions.  Although  no  systematic  response  time,  a  highly  undesirable  output.  In  other  study, 

studies  on  this  subject  exist  in  the  context  of  MC  based  sensors  Zhao  et  al  have  reported  the  coating  thickness  dependence  of 

with  various  polymeric  coatings,  significant  efforts  in  under-  PS  coated  MC  bimaterial  structures.!1431  They  have  shown  that 

standing  the  correlation  between  the  analyte  origin  and  the  the  interfacial  tension,  which  remains  constant  for  coatings 

polymer  coating  has  been  done  for  popular  piezoelectric  de-  with  different  thicknesses  dominates  the  thermal  response  of 

vices  such  as  surface  acoustic  wave  (SAW)  microsensors  and  llle  bimaterial  MCs  for  thinner  coatings  (<  20  nm)  while  for 

thickness  shear  mode  (TSM)  resonators.1158  1591  hiSher  thickness  the  thermal  expansion  coefficient  dictates 

For  instance,  the  partition  coefficient  which  is  defined  as  tllc  resulting  static  deflection, 
the  ratio  of  the  concentration  of  the  solute  (analyte  mole¬ 
cules)  in  the  sensitive  coating  to  the  concentration  of  the  ana¬ 
lyte  in  the  vapor  phase  is  the  single  most  important  parameter  4.  Performance  of  Bimaterial  Structure  for 
in  the  selection  of  the  sensitive  layer  in  these  sensors.  Indeed,  Various  Applications 
experimental  results  prove  that  the  shift  in  the  resonance  fre¬ 
quency  of  the  SAW  devices  is  directly  proportional  to  the  par-  4.1.  Uncooled  Thermal  Sensors 
tition  coefficient J160^  Linear  solvation  energy  relationship 

(LSER)  has  been  applied  to  compute  the  partition  coeffi-  The  detection  of  infrared  (IR)  radiation  in  particular,  the 
cients  of  the  analyte/coating  layer  by  taking  hydrogen  bond-  wavelength  regions  from  3  to  5  pm  and  8  to  14  pm,  is  of  im- 
ing,  dipolarity,  polarizability  and  dispersion  effects  into  ac-  portance  since  atmospheric  absorption  in  these  regions  is 
count  thus  providing  a  rich  database  for  selection.[161,162]  The  especially  low.[164,165]  According  to  the  transduction  princi- 
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pies,  IR  detectors  can  be  classified  broadly  as  quantum 
(opto-electronic)  and  thermal. [166_168]  Thermal  IR  detectors, 
in  turn,  can  be  based  on  pyroelectric,^169^  thermoelectric, 
thermoresistive  (bolometers), f170  174^  and  micromechanical 
transducers.  [104,175~183]  Bimaterial  microcantilevers  can  also 
be  used  to  turn  heat  into  a  mechanical  response  and  can  be 
referred  to  as  thermo-mechanical  detectors.  An  important 
advantage  of  thermo-mechanical  detectors  is  that  they  are 
essentially  free  of  intrinsic  electronic  noise  and  can  be  com¬ 
bined  with  a  number  of  different  readout  techniques  with 
extremely  high  sensitivity. 

The  bimaterial  design  can  be  exploited  for  IR  detection 
by  fabricating  microcantilevers  whereby  bending  of  a  canti¬ 
lever  upon  incident  radiation  results  from  a  mismatch  in 
thermal  expansion  coefficients  (a)  of  the  materials  as  was 
discussed  above.[184,185]  This  approach  was  pioneered  by 
Barnes  and  Gimzewski  when  they  coated  MCs  with  a  metal 
(as  the  sensing  active  layer)  to  form  the  bimorph.[186]  Later, 
Datskos  et  al.  made  the  point  that  2D  arrays  of  these  heat 
sensitive  cantilevers  can  serve  as  thermal  imaging  de- 
vicesJ104,175^  The  ideal  bimaterial  properties  of  a  MC  engi¬ 
neered  for  IR  sensing  include  large  mismatch  of  a  and  ther¬ 
mal  conductivity  (2)  between  the  two  materials  with  one  of 
the  materials  having  extremely  low  2.  Low  residual  stresses 
are  useful  to  reduce  non-thermal  bending  and  one  of  the 
materials  should  absorb  in  the  desired  IR  range.  However, 
Tsukruk  and  co  workers  have  demonstrated  that  trapped 
residual  stress  in  the  coating  layers  can  significantly  en¬ 
hance  the  response  of  the  bimaterial  structures  as  will  be 
discussed  later. [144] 


In  one  of  the  recent  designs,  Quate  et  al.  used  silicon  canti¬ 
levers  exotically  shaped  in  a  flat  spiral  with  an  aluminum  coat¬ 
ing  to  complete  the  bimorph.[187]  Datskos  et  al.  developed  a 
microcantilever  bimorph  with  silicon  as  a  substrate,  and  a 
150  nm  gold  coating  as  the  high  a  component  that  exhibited 
temperature  sensitivity  of  0.4  °CJ188^  Majumdar  et  al.  applied 
bimaterial  cantilevers  of  silicon  nitride  and  gold  into  a  compli¬ 
cated  comb-like  MEMS  structure,  which  resulted  in  sensitivity 
of  3-5  °K.[189]  Sarcon  Microsystems  in  cooperation  with  Oak 
Ridge  National  Laboratory  (ORNL)  have  developed  bimater¬ 
ial  cantilevers  with  a  theoretical  sensitivity  approaching 
5  mK,  which  is  the  lowest  value  reported  for  uncooled  IR  de¬ 
tectors  based  on  metal-coated  cantilevers  (Fig.  12).[190]  In 
their  design,  SiC  was  the  low  (a)  component,  again  being  com¬ 
bined  with  aluminum  as  the  high  (a)  layer.  In  Figure  12  we 
show  an  example  of  an  IR  imaging  system  based  on  an  array 
of  256  x  256  bimaterial  MCs.[155]  An  optical  readout  was  used 
to  simultaneously  interrogate  all  the  MCs.  Figure  12c  shows 
an  example  of  a  thermal  image  of  a  human  obtained  using  this 
MC  array  with  an  optical  readout. 

Considering  that  the  difference  in  thermal  expansion  coeffi¬ 
cients  for  metal-ceramic  bimaterial  designs  discussed  so  far  is 
inherently  limited  (Aa  <  20  x  1CT6  KT1),  the  polymer-ceramic 
bimaterial  cantilevers  have  been  suggested  to  dramatically  en¬ 
hance  thermally  induced  bending  due  to  much  more  efficient 
actuation  of  readily  expandable  polymer  nanolayers  with 
Aa  =  200  x  1CT6  K_1,  combined  with  low  thermal  conductiv¬ 
ity. [149]  Thus,  polymer-nanoparticle  composite  structures  have 
been  introduced  with  a  combination  of  polymer  brush  layer, 
silver  nanoparticles,  and  carbon  nanotubes  to  enhance  IR 


Figure  12.  a)  Schematic  illustration  of  the  components  and  the  arrangement  of  the  optical  readout  of  a  256  x  256  array  of  bimaterial  MCs.  b)  Part  of  a 
fabricated  256  x  256  array.  The  selected  geometry  is  characterized  by  a  high  fill  factor  and  relaxed  design  rules,  c)  Example  of  a  thermal  image  of  a  hu¬ 
man  obtained  using  an  optical  readout.  Reproduced  from  [1 55]  with  permission.  Copyright  2006,  American  Institute  of  Physics. 
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adsorption  and  reinforce  the  nanocomposite  coating  (Fig.  13). 
The  application  of  such  a  reinforced  nanocomposite  coating 
with  high  (a)  allowed  to  achieve  nearly  fourfold  improvement 
(theoretical,  noise-limited  detection  limit  of  0.5  mK)  in  the 


Figure  13.  Schematic  of  trilayered  MCs  coated  with  polymer  nanocom¬ 
posite  for  IR  sensing  application  [149]. 

thermal  sensitivity  compared  to  the  metal  coated  counter¬ 
parts. [149]  Although  there  was  substantial  improvement  in  the 
sensitivity  of  the  thermal  bimorphs,  the  wet  grafting  technique 
employed  to  modify  the  MCs  was  tedious,  frequently  resulting 
in  cantilever  damage,  and  was  not  compatible  with  traditional 
microfabrication  technology. 

To  overcome  these  shortcomings,  plasma  polymers  have 
been  employed  as  actuators  in  MC  thermal  bimorphs. [144] 
Plasma  polymerized  styrene  (ppS)  coated  MCs  exhibited  a 
deflection  of  nearly  2  nm  mK-1  making  the  theoretical  detec¬ 
tion  limit  to  be  0.2  mK  (Fig.  14a-c).  It  is  interesting  to  note 
that  the  response  of  the  plasma  polymer  coated  MCs  was  in 
opposite  to  the  thermal  expansion  since  the  variation  of  the 
internal  stress  in  the  polymer  layer  with  temperature  domi¬ 
nates  the  bending.  In  fact,  the  estimation  of  the  internal  stress 
in  plasma  polymerized  coatings  gives  differential  stresses 
close  to  100  MPa,  which  is  a  very  high  value  indicating  high 
compression  of  the  polymer  layer  at  room  temperature.  It  is 
suggested  that  the  high  crosslink  density  of  the  polymer  layer 
and  their  chemical  grafting  at  the  interface  should  provide 
enhanced  mechanical  and  thermal  stability  of  these  layers 
even  under  such  high  stress.  Calculation  of  the  differential 
surface  stresses  with  finite  element  analysis  (FEA,  Fig.  14d) 
gives  a  value  of  10  N  m-1,  which  is  much  higher  than  stresses 
usually  generated  by  grafting  polymer  layers  (usually  within 
0.3-1  N  m1)  and  resulting  from  molecular  adsorption 
(<  0.2  N  m_1)J191^  Moreover,  it  shows  that  compressive  stress 
within  the  polymer  layer  reaches  60  MPa,  and  is  balanced  by 
the  tensile  stress  exactly  at  the  polymer-silicon  interface  com¬ 
bined  with  compressive  stress  at  a  bare  silicon  surface. 
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Figure  14.  a)  SEM  image  of  MC  coated  on  a  single  side  with  ppS.  b)  De¬ 
flection  response  to  temperature  for  MCs  (350  pm  x35  pm  x  1  pm) 
coated  with  gold,  polymer  composite  (Polyacrylonitrile/carbon  nano¬ 
tube),  Plasma  polymerized  pentafluorostyrene,  styrene,  acrylonitrile,  and 
uncoated  reference  [144,149].  c)  Overlapped  optical  micrographs  of  the 
ppS-MC  at  various  temperatures  [144].  d)  FEA  analysis  showing  the  de¬ 
flection  profile  of  the  MC  for  1  K  change  in  temperature  [1 49]. 
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4.2.  Probing  Kinetics  of  Dynamic  Systems 

Commonly  used  instruments  for  observing  the  kinetics  of 
biomolecular  interactions  on  a  surface  include  surface  plas- 
mon  resonance^192]  and  quartz  crystal  microbalance  with  dissi¬ 
pation  monitoring  (QCM-D)/193]  Due  to  the  extreme  sensitiv¬ 
ity  of  MC  transduction  (nearly  3  orders  higher  mass 
sensitivity  than  QCM[194]),  it  has  attracted  considerable  atten¬ 
tion  for  probing  the  dynamics  of  physical  and  chemical  pro¬ 
cesses  occurring  at  molecular  levels.  The  first  report  of  moni¬ 
toring  a  chemical  reaction  on  the  surface  of  a  MC  was  done 
by  Gimzewski  et  al.,  in  which  they  have  monitored  the  cata¬ 
lytic  conversion  of  H2  +  02  to  H20  on  platinum  coated  MCs 
introducing  the  concept  of  MC  based  microcalorimeter.  The 
kinetics  of  chemisorption  of  alkanethiols  on  gold  coated  MCs 
has  been  investigated  by  various  groups/191,195,196]  Berger  et  al 
have  observed  a  linear  increase  in  the  surface  stress  at  the 
monolayer  with  the  length  of  the  alkyl  chain  of  the  molecules 
(see  Fig.  15).  It  is  important  to  note  that  the  deflection  of 
MCs  during  the  assembly  process  was  dominated  by  the  dif¬ 
ferential  surface  stress  while  the  thermal  and  gravimetric  ef¬ 
fects  were  negligible/195] 

MC-based  sensing  has  also  been  employed  to  probe  swell¬ 
ing  of  polymer  layers^197-1"],  self  assembly  of  polyelectrolyte 
monolayers/194]  formation  of  lipid  layers/200]  and  conforma¬ 
tional  changes  of  proteins/201,202]  It  is  worth  noting  that  since 


Figure  15.  a)  Deflection  (A z)  and  Surface  stress  (As)  of  MC  sensors 
plotted  as  a  function  of  time  for  the  chemisorption  of  alkanethiols  of  var¬ 
ious  alkyl  chain  lengths;  b)  Plot  depicting  the  surface  stress  at  saturation 
coverage  vs.  alkyl  chain  length  (n).  Reproduced  with  permission  from 
[195].  Copyright  1997  American  Association  for  the  Advancement  of 
Science. 


MCs  are  sensitive  to  the  slightest  environmental  fluctuations 
due  to  flow  and  thermal  gradients,  data  acquisition  during 
analyte  introduction  in  liquids  often  precludes  observation  of 
the  associated  kinetics  within  a  given  time  interval.  The  time 
necessary  for  full  equilibration  ranges  between  minutes  and 
hours  for  deflection  sensing/200,203-205]  A  time  delay  also  exists 
between  molecular  binding  and  generation  of  sufficient  sur¬ 
face  stress  to  initiate  measurable  cantilever  deflections  which 
also  complicates  the  experimental  results. 

4.3.  Selective  Binding  Events 

Over  the  past  ten  years,  microcantilevers  have  also  been 
applied  as  biosensors  as  stand-alone  structures  and  in  arrays 
for  detecting  protein  interactions/203,206-213]  DNA  bind¬ 
ing/116,214-216]  and  microorganism  behavior  on  surfaces/217-219] 
By  specifically  functionalizing  only  one  microcantilever  sur¬ 
face,  either  the  frequency  or  deflection  mode  can  be  used  to 
detect  specific  biomolecular  binding  events.  The  selectivity  of 
the  microcantilever  response  is  based  on  the  specificity  of  the 
capture  molecule.  In  the  following,  two  representative  exam¬ 
ples  will  be  highlighted.  Both  approaches  used  a  standard 
AFM  setup  to  measure  deflection  resulting  from  oxidation  of 
glucose  and  binding  of  prostate-specific  antigen  (PSA). 

In  the  case  of  a  glucose  sensor,  glucose  oxidase  (GOx)  was 
immobilized  on  a  single  gold  coated  rectangular  microcantile¬ 
ver/192]  The  study  showed  the  ability  of  MCs  to  detect  physio¬ 
logically  relevant  levels  of  glucose,  but  not  yet  conduct  selec¬ 
tive  detection  from  a  mixture  of  proteins  and  plasma  normally 
present  in  a  blood  sample.  Selectivity  is  decreased  in  this  elec¬ 
trochemical  setup  due  to  the  presence  of  interfering  electroac¬ 
tive  species  (e.g.,  ascorbic  acid,  catechol,  or  uric  acid).  Micro¬ 
cantilever  technology,  however,  does  not  detect  any  such 
spectator  species,  and  thus  provides  improved  selectivity.  Al¬ 
though  these  results  are  promising,  there  are  still  reproduc¬ 
ibility  concerns,  as  the  microcantilever  response  declined 
steadily  with  each  subsequent  exposure  to  glucose  due  to  hy¬ 
drogen  peroxide  production  during  the  enzymatic  reaction, 
which  can  corrode  the  enzyme  layer. 

In  another  study,  Wu  et  al.  used  microcantilevers  to  detect 
PSA  from  a  mixture  of  blood  proteins/203]  Commercially  avail¬ 
able  V-shaped,  gold-coated  MCs  were  decorated  with  a  layer 
of  anti-PSA  antibody.  Significant  deflection  was  observed 
upon  binding  of  free  PSA.  When  exposed  to  concentrations 
spanning  the  diagnostically  relevant  range  (0.2  ng  ml-1- 
60  jug  ml-1),  the  microcantilevers  showed  a  distinct  deflection 
in  a  background  of  1  mg  ml-1  BSA  (Fig.  16).  Deflection  at 
60  ng  ml-1  versus  6  ng  ml-1  was  also  clearly  distinguishable 
even  in  the  presence  of  1  mg  ml-1  human  serum  albumin. 
Changes  in  MC  geometry  resulted  in  shifted  deflections  for  the 
same  concentration  of  PSA.  The  authors  found  that  surface 
stress,  however,  was  geometry-independent  and  directly  re¬ 
lated  to  PSA  concentration  as  shown  in  Figure  16.  Nonspecific 
interactions  had  very  little  effect  on  deflection,  suggesting  that 
surface  stress  is  a  sensitive  reporter  of  specific  PSA  binding. 
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Figure  16.  Surface  stress  is  directly  related  to  free  PSA  concentration,  re¬ 
gardless  of  microcantilever  geometry.  Reproduced  with  permission  from 
[203].  Copyright  2001  Nature  Publishing  Group. 

The  high  selectivity  of  these  assays  resides  in  the  specificity 
of  the  biomolecular  reactions  occurring  on  the  properly  modi¬ 
fied  microcantilever  surface.  Unlike  electrochemical  or  label¬ 
ing  detection  methods,  the  free  energy  change  resulting  from 
molecular  recognition  binding  is  directly  translated  into  a 
mechanical  deflection,  reducing  the  effects  of  sources  of  inter¬ 
ference  (e.g.,  optical,  electrochemical).  Smaller  cantilevers,  in¬ 
creasing  ligand  surface  density,  and  decreasing  surface  rough¬ 
ness  promise  to  increase  detection  sensitivity.  The  use  of 
differential  signal  by  employing  reference,  unmodified  canti¬ 
levers  may  further  increase  sensitivity,  resolution  and  de¬ 
crease  errors  from  nonspecific  interactions. 

4.4.  Liquid  Composition 

Microcantilevers  modified  with  stimulus-responsive  poly¬ 
mers  provide  an  attractive  approach  to  characterize  changes 
in  the  liquid  composition  surrounding  the  cantilever.  To  this 
end,  pH,  salt,  and  solvent  sensitive  polymers  and  biomacro¬ 
molecules  have  been  grafted  to  cantilever  surfaces  and  detec¬ 
tion  has  been  conducted  directly  in  a  liquid  phased147,148,204  ^ 

For  example,  Abu-Lail  et  al.  synthesized  pNIPAAM 
brushes  on  the  gold  coated  surface  of  a  commercially  avail¬ 
able  V-shaped  cantilever,  leaving  the  bottom  side  un- 
coated.[147]  Due  to  solvent-induced  conformational  changes  in 
the  brush  layer,  the  cantilever  deflection  was  large  and  revers¬ 
ible.  Surprisingly,  the  change  in  surface  stress  between  brushes 
in  good  (H20)  and  poor  (H20  and  MeOH)  solvents  were  ap¬ 
proximately  independent  of  brush  height.  This  suggests  that 
ultrathin  brushes  (81  nm  when  swollen)  are  sufficient  to  re¬ 
port  changes  in  solvent  conditions.  Changes  in  the  solvent  pH 
were  measured  by  pH-sensitive  pNIPAAM-vinylimidazole 
copolymer  brush,  grafted  to  the  cantilever  surface  by  surface 
initiated  polymerization.  Although  conformational  changes  in 
the  copolymer  brush  layer  translate  into  large  cantilever  de¬ 
flections,  the  equilibration  time  (on  the  order  of  1  hour)  and 
the  sensitivity  to  temperature  fluctuations  were  cited  as  draw¬ 


backs  of  monitoring  deflection  in  liquid.  Associated  with  the 
conformational  change  in  the  polymer  brush  is  also  a  signifi¬ 
cant  change  in  the  amount  of  viscously  coupled  water.  The 
concomitant  apparent  mass  changes  when  the  polymer  brush 
undergoes  a  phase  transition,  which  could  be  detected  by 
tracking  the  shift  in  the  resonance  frequency.  Although  this 
approach  is  fast,  as  it  does  not  rely  on  precise  static  deflection 
measurements,  viscous  damping  effects  from  operation  in  liq¬ 
uid  impede  sensitivity  and  compromise  data  interpretation. 

Similar  results  were  observed  when  elastin-like-polypep- 
tides  (ELPs)  were  grafted  to  the  top  surface  of  a  gold-coated 
V-shaped  cantilever.  Valiaev  et  al.  detected  ELP  swelling  and 
collapse  triggered  by  changes  in  the  ionic  strength  and  pH  as 
displayed  in  Figure  17.[204]  Resulting  changes  in  surface  stress, 
however,  were  smaller  than  those  for  pNIPAAM,  most  likely 
due  to  the  decreasing  surface  density  from  the  grafting-to  pro- 


Figure  17.  Net  microcantilever  deflection  plotted  as  a  function  of  time 
for  two  different  ionic  strengths  (PBS  and  PBS  +  1.5  m  NaCl).  Net  deflec¬ 
tion  is  determined  as  the  difference  between  the  deflection  of  a  micro¬ 
cantilever  with  end-grafted  ELP  and  deflection  of  a  bare  gold  reference 
microcantilever  under  the  same  solution  conditions.  Ad  indicates  the  ef¬ 
fective  difference  in  cantilever  deflection  at  steady  state.  Reproduced  with 
permission  from  [204].  Copyright  2007  American  Chemical  Society. 

cedure.  While  lower  grafting  density  decreases  sensitivity, 
ELPs  offer  many  advantages  over  synthetic  polymers.  They 
are  genetically  engineered  with  known  amino  acid  sequence 
and  precise  molecular  weight.  The  phase  transition  behavior 
is  also  tunable  by  varying  the  amino  acid  sequence  and  the 
molecular  weight  of  the  polypeptides. 

4.5.  Biological  Macromolecules 

Microcantilevers  have  been  used  to  study  not  only  binding 
of  specific  ligands  onto  functionalized  surfaces,  but  also  to 
monitor  conformation  of  biological  macromolecules  after  ad¬ 
sorption  on  the  surface.  Since  microcantilever  detection  does 
not  rely  on  a  particular  material  substrate,  a  wide  variety  of 
different  surface  functionalities  can  be  presented.  Thus  a 
range  of  interactions  can  be  screened  and  monitored  relative- 
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ly  easily.  In  fact,  protein  interactions  t203  206  213^  DNA  hybrid¬ 
ization, ^214_216]  protein  conformations,^201 ,220^  and  more  recently 
lipid  bilayer  formation, [200]  have  all  been  observed  using  mi¬ 
crocantilever  sensors. 

DNA  hybridization  was  one  of  the  first  processes  studied 
using  functionalized  microcantilevers  in  liquid.  Fritz  et  al.[214] 
showed  that  a  single  base  pair  mismatch  could  be  detected  by 
observing  microcantilever  nanoscale  deflection.  In  these  ex¬ 
periments,  a  linear  array  of  eight  rectangular  microcantilevers, 
each  functionalized  with  a  different  oligonucleotide  base  se¬ 
quence  was  employed  (Fig.  18).  By  determining  the  differen¬ 
tial  deflections  between  adjacent  cantilevers,  confounding  ef¬ 
fects  such  as  nonspecific  interactions  were  significantly 


Figure  18.  SEM  micrograph  of  a  section  of  a  microfabricated  silicon  canti¬ 
lever  array  (eight  cantilevers,  each  1  jum  thick,  500  pm  long,  and  100  pm 
wide,  with  a  pitch  of  250  pm).  Reproduced  with  permission  from  [214]. 
Copyright  2000  American  Association  for  the  Advancement  of  Science. 

minimized  and  thus  the  sensitivity  to  a  single  pairing  event 
has  been  optimized.  Moreover,  it  was  observed  that  the  canti¬ 
levers  were  reusable  after  cleaving  the  bound  DNA  with  urea. 

Many  subsequent  studies  have  expanded  this  initial  work 
beyond  the  initial  scope.  For  example,  Braun  et  alJ220]  used 
microcantilevers  to  monitor  the  conformational  changes  in 
membrane-bound  bacteriorhodpsin  (bR)  on  a  gold  surface. 
Ink  jet  spotting  was  used  to  deposit  bR  on  a  linear  array  of 
eight  gold  coated  rectangular  microcantilevers,  where  some 
cantilevers  were  also  left  pristine  to  serve  as  a  reference.  Can¬ 
tilever  deflection  was  then  monitored  using  a  standard  optical 
photodiode  system.  bR  was  pre-bleached  by  removing  various 
degrees  of  retinal,  an  internally  bound  ligand,  resulting  in  dif¬ 
ferent  bR  conformations.  Hydrolysis  of  retinal  was  also  simu¬ 
lated  in  situ  by  the  addition  of  hydroxylamine.  It  was  found 
that  33  %  pre-bleached  bR  resulted  in  a  much  lower  deflec¬ 
tion  upon  addition  of  hydroxylamine  when  compared  to 
unbleached  bR.  As  noted  in  other  studies  and  mentioned 
briefly  above,  the  cantilever  deflection  was  unstable  during 
flow  compromising  stability,  and  data  were  thus  recorded  be¬ 
fore  and  after  bleaching.  Since  nonspecific  adsorption  of  hy¬ 
droxylamine  was  observed  on  both  bR  and  control  cantile¬ 
vers,  the  differential  deflection  was  thought  to  be  independent 
of  nonspecific  binding,  and  was  caused  by  conformational 
changes  due  to  retinal  removal.  This  conformational  change 
in  bR  was  postulated  to  result  in  the  expansion  of  the  mem¬ 
brane  patches,  further  altering  the  surface  stress  and  tuning 
cantilever  deflection. 


Furthermore,  vesicle  fusion  and  lipid  bilayer  formation 
have  been  observed  using  microcantilever  deflection  in  liquid. 
In  these  experiments,  the  deflection  of  an  MC  linear  array 
was  monitored  by  individual  laser  beams.  To  observe  physi- 
sorbed  bilayer  formation  on  the  bottom  Si02  surface,  the  top 
gold  surface  was  coated  with  2-mercaptoethanol  to  minimize 
vesicle  fusion  there.  After  incubating  with  vesicles  and  flush¬ 
ing  with  buffer,  tensile  stresses  developed  due  to  the  bilayer 
formation  led  to  the  cantilever  deflection  on  the  order  of 
80  nm,  corresponding  to  a  low  but  detectable  surface  stress  of 
30  mN  m1 .  In  another  experiment,  chemisorbed  bilayer  for¬ 
mation  was  observed  on  the  top  gold  surface  with  thiolated 
lipids. [200]  This  bilayer  formation  resulted  in  the  compressive 
stress  causing  the  cantilever  deflection  in  the  hundreds  of 
nanometers  indicating  ten  times  the  surface  stresses  from  sim¬ 
ply  physisorbed  bilayers.  When  mixed  with  unmodified  lipids, 
the  deflection  response  decreased  proportionally.  The  “pin¬ 
ning”  of  the  bilayer  was  postulated  to  increase  the  surface 
stress,  and  the  overall  increase  was  similar  to  that  seen  for  al- 
kylthiol  SAMs. 

4.6.  Cells,  Microorganisms 

Microcantilevers  have  also  been  employed  to  characterize 
the  behavior  of  microorganisms  on  solid  substrates,  a  very  in¬ 
triguing  mode  of  observation.  Virus  mass,^  E.  Coli  activ- 
ity^21^  and  fungal  growth  have  all  been  recorded  by  monitor¬ 
ing  shifts  in  the  resonance  frequency.  Both  Gfeller  et  al.  and 
Nugaeva  et  al.  performed  these  studies  at  high  relative  hu¬ 
midity  (RH  >  93  %),  but  not  in  truly  liquid  environment. 
Limitations  in  surface  grafting  density,  and  the  option  to 
observe  microorganism  behavior  in  gaseous  environments  fa¬ 
vored  the  faster  detection  mode  of  resonance  frequency 
monitoring.  Both  studies  relied  again  on  a  linear  array  of 
eight  microcantilevers  with  individual  cantilevers  functional¬ 
ized  using  quartz  microcapillaries.  Gfeller  et  al.[217]  also  used 
MCs  coated  with  agarose  to  monitor  E.  Coli  growth  behav¬ 
ior.  The  major  growth  phases  of  E.  Coli  present  in  solution 
were  again  observed  through  easily  detectable  resonance  fre¬ 
quency  shifts  over  the  period  of  several  hours  (Fig.  19).  Dur¬ 
ing  the  different  development  phases,  growth  and  spreading 
of  the  bacteria,  the  change  in  the  resonance  frequency  was 
due  to  the  uptake  of  water  from  the  nutritive  medium  into 
the  agarose  layer  to  compensate  for  proteins,  salts,  and  car¬ 
bohydrates  taken  up  by  the  growing  bacteria  with  the  overall 
mass  transfer  monitored  with  cantilever  deflection.  Bacterial 
growth  has  been  also  monitored  with  the  addition  of 
10  jug  mb1  kanamycin,  an  antibiotic  which  inhibits  E.  coli 
growth.  Although  frequency  shifts  were  fairly  large  (over 
600  Hz  over  an  eight  hour  time  period,  Fig.  19),  no  change 
in  the  quality  factor  was  observed,  suggesting  that  no  change 
in  viscous  damping  occurred.  The  authors  suggested  that  can¬ 
tilevers  with  higher  resonance  frequencies  would  further  in¬ 
crease  the  sensitivity  to  observe  fine  details  of  the  bacterial 
growth. 
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Figure  19.  For  microcantilevers  coated  with  E.  coli,  the  lag,  exponential 
growth,  and  stationary  phases  were  evident  in  deflection  measurements 
compared  to  a  reference  lever  in  medium.  Reproduced  with  permission 
from  [21  7].  Copyright  2005  American  Society  for  Microbiology. 


4.7.  Chemical  Vapor  Detection 

Sensors  for  a  reliable  detection  of  solvent  vapors  are  impor¬ 
tant  in  chemical  process  technology,  e.g.,  for  safe  handling 
during  storage  and  transport  of  large  amounts  of  solvents  in  a 
container.  A  fast  test  is  required  to  verify  that  actually  the  sol¬ 
vent  is  in  the  container.  Indeed,  the  MC  bending  specific  to 
the  interaction  between  solvent  vapor  and  polymer  with  re¬ 
spect  to  time-  and  magnitude  evolution  was  exploited  for  va- 
por  monitoring.1137’141’146’221-2361  In  a  typical  laboratory  test, 
0.1  ml  of  various  solvents  was  placed  in  vials,  and  the  vapor 
from  the  headspace  above  the  liquid  was  sampled  using  mi¬ 
crocantilever  sensor  arrays,  operated  in  static  deflection  mode 
as  a  kind  of  artificial  nose  (Fig.  20a).[141]  Detection  of  vapors 
takes  place  via  diffusion  of  the  analyte  molecules  into  the 
polymer  coating,  resulting  in  a  swelling  of  the  polymer  and 
bending  of  the  cantilever.  Each  cantilever  is  coated  with  a  dif¬ 
ferent  polymer  or  polymer  blend  to  provide  for  high  selectiv¬ 
ity  (see  Fig.  20).  Examples  of  cantilever  deflection  traces 
upon  injection  of  dichloromethane  vapor  at  50  s  for  10  s  are 
shown  in  Figure  20b  (Data  courtesy  by  Marko  Bailer, 
ORNL).  The  cantilever  deflections  at  the  time  points  tl  to 
t5  describe  the  time-development  of  the  curves  in  a  reduced 
data  set,  i.e.,  8  x  5  =  40  cantilever  deflection  amplitudes  (‘fin¬ 
gerprint’)  that  account  for  a  measurement  data  set  (Fig.  20). 
This  data  set  is  then  evaluated  using  PCA  techniques,  extract¬ 
ing  the  most  dominant  deviations  in  the  responses  for  the  var¬ 
ious  vapors  (Fig.  20c) \UV[  The  axes  refer  to  the  projections  of 
the  multidimensional  datasets  into  two  dimensions  (principal 
components).  Vapor  injections  involved  water,  ethanol,  di¬ 
chloromethane  and  toluene.  The  PCA  plot  shows  well  sepa¬ 
rated  clusters  of  measurements  indicating  clear  identification 
of  vapor  samples. 

In  another  example,  MCs  coated  with  300  nm  of  plasma 
polymerized  methacrylonitrile  (ppMAN)  exhibited  nearly 
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Figure  20.  a)  Schematic  of  a  cantilever  array  functionalized  with  polymers 
exhibiting  a  deflection  pattern  which  can  be  exploited  for  artificial  nose 
application  b)  Cantilever  deflection  traces  during  exposure  of  a  polymer- 
coated  cantilever  array  to  dichloromethane  vapor.  The  following  polymers 
were  used:  1  =  PVP,  2  =  PVP/PU/PS/PMMA,  3  =  PU/PS/PMMA,  4  =  PU/ 
PS,  5  =  PU,  6  =  PS/  PMMA,  7  =  PS,  8  =  PMMA.  PVP  =  polyvinylpyridine, 
PU  =  polyurethane,  PS  =  polystyrene,  PMMA=  polymethyl  methacrylate, 
(c)  PCA  plot  demonstrating  the  recognition  capability  of  the  cantilever-ar¬ 
ray  [141]. 
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3.5  jum  static  deflection  for  1  %  change  in  relative  humidity 
making  the  detection  limit  at  a  very  low  value  of  10  ppb  or 
differences  in  0.00005  %  in  relative  humidity  (Fig.  21a  and 
b)  [237l  These  MCs  exhibited  a  monotonous  deflection  re¬ 
sponse  from  5  %  to  70  %  (total  deflection  >  200  jam)  with 
very  small  hysteresis  (<  2  %).  The  MCs  also  exhibited  an  ex¬ 
tremely  stable  response  to  water  vapor  over  long  storage  time 
(nearly  2  years)  with  less  than  5  %  variation.  The  MCs  coated 
with  different  plasma  polymers  have  been  exploited  for  or¬ 
ganic  vapor  and  plastic  explosive  detection  and  proved  to  be 
highly  sensitive,  very  robust,  and  extremely  selective  with  the 
response  spanning  four  orders  of  magnitude  to  various  ana¬ 
lyte  molecules  (Fig.  21d).  Moreover,  under  certain  conditions, 
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the  interaction  of  plasma  polymer  coated  cantilever  with  ana¬ 
lytes  resulted  in  such  strong  stress  that  the  MC  becomes  com¬ 
pletely  bent  (Fig.  21c). 

It  is  suggested  that,  unlike  conventional  bimaterial  struc¬ 
tures,  which  rely  on  small  differences  in  the  surface  tension  for 
active  and  passive  sides,  plasma  polymerized  coating  facilitates 
a  mechanism  involving  large  interfacial  stresses  causing  inher¬ 
ently  higher  bending  forces.  High  stress  at  the  plasma  poly¬ 
mer-silicon  interface  (reaching  tens  of  MPa  or  5-10  N  m1) 
facilitates  large  micrometer-scale  responses  to  external  stimu¬ 
li,  such  as  polymer  swelling.  The  exceptional  performance  of 
the  plasma  polymerized  ppMAN  nanocoating  is  likely  caused 
by  the  peculiar  nanodomain  morphology,  the  nanoporous 
structure,  and  the  presence  of  polar  segments  and  hydropho¬ 
bic  methyl  groups  in  a  highly  randomized  crosslinked  chemi¬ 
cal  topology,  all  of  which  facilitate  fast  uptake  and  removal  of 
water  molecules.  The  reported  sensitivity  of  3500  nm/1  %RH 
for  plasma  polymerized  cantilevers  is  more  than  two  orders  of 
magnitude  better  than  that  achieved  before,  indicating  effi¬ 
cient  transfer  of  swelling-induced  stress  to  the  polymer-inor¬ 
ganic  interface.  The  most  interesting  aspect  of  this  type  of 
MCs  is  the  very  fast  response  time  of  the  plasma  polymers 
which  is  essentially  instantaneous  (<80  ms)  for  even  large  hu¬ 
midity  changes  (Fig.  22). 


h2n — nh2 

(d)  3 - 


1000. 


>\\\> 

Water  HydrazineNapthalene  Acetone  Ethanol 

Vapor  (1  ppm) 


Figure  21.  a)  Optical  images  showing  the  bending  of  the  ppMAN -coated 
cantilever  for  humidity  changing  from  6  %  to  66  %  RH  at  an  interval  of 
10  %  RH  with  deflection  at  6  %  taken  a  reference  point,  b)  The  deflection 
vs.  humidity  of  cantilevers  coated  with  ppMAN,  ppAN,  spin-coated 
PMAN  and  a  bare  silicon  cantilever.  Empty  symbols  indicate  humidifica¬ 
tion  and  corresponding  filled  symbols  indicate  desiccation:  triangles  (5th 
consecutive  cycle),  inverted  triangles  (10th  consecutive  cycle),  squares 
(four  months  after  fabrication),  circles  (after  18  months),  c)  Optical  im¬ 
age  of  a  ppSF-coated  MC  bent  nearly  180°  due  to  high  residual  stress 
and  response  to  hydrazine  vapor,  d)  Deflection  response  of  ppAN  and 
ppMAN  to  1  ppm  concentration  of  different  vapors  [237]. 


4.8.  Explosives  Trace  Detection 

Although  explosive  detection  falls  into  the  broad  category 
of  chemical  sensing,  it  is  unique  due  not  only  to  the  exigency 
in  combating  the  potential  threats  but  also  to  the  extremely 
high  sensitivity  requirements.  Threats  can  be  of  chemical,  bio¬ 
logical,  radioactive  or  explosive  in  nature.  Preventive  counter¬ 
measures  require  inexpensive,  highly  selective  and  very  sensi¬ 
tive  small  sensors  that  can  be  mass-produced  and  micro- 
fabricated.  Such  low  cost  sensors  could  be  arranged  as  a  sen¬ 
sor  grid  for  large  area  coverage  of  sensitive  infrastructure,  like 
airports,  public  buildings,  or  traffic  infrastructure.  Microfabri- 
cated  detectors  for  explosives  will  be  very  useful  as  compact 
versions  of  established  monitoring  technologies  like  the  ion 
mobility  spectrometer[238]  or  nuclear  quadrupole  reso¬ 
nance^  have  been  developed,  but  are  not  likely  to  be  minia¬ 
turized  further. 

Two  approaches  have  been  adapted  for  the  detection  of  ex¬ 
plosives  using  MCs:  1)  static  or  dynamic  mode  of  operation 
where  MCs  are  functionalized  with  SAMs  or  polymer  layers 
to  achieve  selective  bindingJ128,150,237,240^  2)  Microdeflagration 
of  the  explosives  on  the  MC  surface. [241  243]  Several  approach¬ 
es  to  detect  dangerous  chemicals  are  described  in  literature: 
photomechanical  chemical  microsensors  based  on  adsorption- 
induced  and  photo-induced  stress  changes  due  to  the  presence 
of  diisopropyl  methyl  phosphonate  (DIMP),  which  is  a  model 
compound  for  phosphorous-containing  chemical  warfare 
agents,  and  trinitrotoluene  (TNT).[223]  Further  explosives  fre¬ 
quently  used  include  pentaerythritol  tetranitrate  (PETN)  and 
hexahydro-l,3,5-triazine  (RDX)J128^  These  compounds  are 
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Figure  22.  Dynamic  response  of  MC  coated  with  ppMAN  for  repeated  cy¬ 
cles  of  humidification  and  desiccation:  a)  Overlaid  snap  shots  of  the  can¬ 
tilevers  depicting  the  response  to  nitrogen  pulse  b)  Deflection  of  the  can¬ 
tilever  under  desiccating  nitrogen  pulses  followed  by  relaxation  to  humid 
state,  c)  Response  to  cycles  of  small  variations  of  humidity,  d)  Deflection 
of  cantilever  to  a  sudden  change  in  humidity  (0.01  %  step)  [237]. 


very  stable,  if  no  detonator  is  present.  Their  explosive  power, 
however,  is  very  large,  and  moreover,  the  vapor  pressures  of 
PETN  and  RDX  are  very  low,  in  the  range  of  ppb  and  ppt 
making  them  very  difficult  to  detect. 

Pinnaduwage  et  al.  have  reported  the  detection  of  10  to 
30  ppt  of  PETN  and  RDX  using  MCs  functionalized  with  a 
SAM  of  4-mercaptobenzoic  acid.[128]  The  authors  suggested 
that  the  hydrogen  bonding  between  the  nitro  groups  of  the  ex¬ 
plosives  molecule  and  the  hydroxyl  groups  of  the  MBA  is  re¬ 
sponsible  for  the  reversible  adsorption.  The  same  group  has 
demonstrated  detection  of  DNT  using  SXFA-[poly(l-(4-hy- 
droxy-4-trifluoromethyl-5,5,5-trifluoro)pent-l-enyl)methylsi- 
loxane]  polymer-coated  MCs.[150]  The  nitro  (N02)  group  on 
all  of  nitro  aromatic  explosives  is  highly  electron  deficient  re¬ 
sulting  in  a  high  electron  accepting  ability  for  these  molecules, 
which  has  been  exploited  for  the  specific  recognition  of  the  ni- 
troaromatic  explosives.  In  recent  study,  Tsukruk  and  co  work¬ 
ers  have  also  demonstrated  a  plasma  polymerized  benzonitrile 
coated  MCs  exhibited  extremely  high  static  deflection  with  a 
low  detection  limit  below  10  ppb  to  hydrazine,  a  potentially 
explosive  vapor  J237^ 

The  second  method  involves  a  microexplosion  of  the  mole¬ 
cules  sticking  to  MC  surface  by  an  electrical  pulse,  which  re¬ 
sults  in  an  exothermic  spike  in  the  static  deflection  signal  of 
the  MC  as  shown  in  Figure  23  J241^  This  spike  was  found  to  be 
related  to  the  heat  produced  during  deflagration.  The  amount 
of  heat  released  is  proportional  to  the  area  vs.  bending  signal 
plot  of  the  process.  The  detection  of  TNT  via  deflagration  was 
demonstrated  by  Pinnaduwage  et  alJ242^  who  used  piezoresis- 
tive  microcantilevers.  It  is  worth  noting  that  the  inherent 
stickiness  of  the  TNT  molecules  was  exploited  without  any 
special  functionalization  as  well.  E.g.,  TNT  was  found  to  read¬ 
ily  stick  to  Si  surf  aces  J244,245^  Due  to  the  small  difference  in 
the  affinity  between  the  two  surfaces  of  the  MC,  finite  deflec¬ 
tion  was  observed  before  the  voltage  pulse  (Fig.  23).  TNT 
vapor  was  observed  to  adsorb  on  its  surface  resulting  in  a  de¬ 
crease  of  the  resonance  frequency.  Application  of  an  electrical 
pulse  (10  V,  10  ms)  to  the  piezoresistive  cantilever  resulted  in 
deflagration  of  the  TNT  causing  a  bump  in  the  cantilever 
bending.  The  deflagration  was  found  to  be  complete,  as  the 
same  resonance  frequency  as  before  the  experiment  was  ob¬ 
served.  The  amount  of  TNT  mass  involved  was  determined  to 
be  50  pg. 

This  technique  applied  to  the  detection  of  PETN  and  RDX 
dispayed  a  much  slower  reaction  kinetics J241,243^  Traces  of 
DNT  in  TNT  have  also  been  used  for  detection  of  TNT, 
because  it  is  the  major  impurity  in  production  grade  TNT  be¬ 
cause  DNT  is  a  decomposition  product  of  TNT.  The  satura- 


Adv.  Mater.  2008,  20,  653-680 


©  2008  WILEY-VCH  Verlag  GmbH  &  Co.  KG  a  A,  Weinheim 


www.advmat.de 


673 


REVIEW 


ADVANCED 

/MATERIALS 


S.  Singamaneni  et  g/./ Microcantilever  Sensors 


(a)  330  pg 

. 

_ i1 

i 

-  TNT  loaded 

. without  TNT 

(b)  950  pg 

Figure  23.  Bending  response  of  a  MC  in  terms  of  voltage  output  from  a 
position-sensitive  detector  to  an  applied  voltage  pulse  with  and  without 
TNT  adsorbed  on  the  surfaces  (a).  Bending  responses  for  loaded  and  un¬ 
loaded  situations  are  shown  (b).  The  exothermic  nature  of  the  TNT  defla¬ 
gration  event  is  clear  due  to  the  enhancement  in  bending  of  the  cantile¬ 
ver.  Reproduced  with  permission  from  [241].  Copyright  2004  American 
Institute  of  Physics. 


tion  concentration  of  DNT  in  air  at  20  °C  is  25  times  higher 
than  that  of  TNT.  DNT  was  reported  to  be  detected  at  the 
300  ppt  level  using  polysiloxane  polymer  layersJ150^  Microfab¬ 
rication  of  electrostatically  actuated  resonant  microcantile¬ 
vers  in  CMOS  technology  for  detection  of  the  nerve  agent 
stimulant  dimethylmethylphosphonate  (DMMP)  using  poly- 
carbosilane-coated  MCs[246]  is  an  important  step  towards  an 
integrated  platform,  which  besides  compactness  might  also  in¬ 
clude  telemetry. [247] 


To  exclude  such  influences,  simultaneous  measurement  of 
reference  cantilevers  without  one-side  modification  is  highly 
advantageous  and  is  widely  employed  (Fig.  18)  J101^  From  the 
difference  in  signals  of  reference  and  sensor  cantilevers,  the 
net  cantilever  response  can  be  retrieved,  and  even  small  re¬ 
sponses  can  be  extracted  from  large  cantilever  deflections 
without  being  dominated  by  undesired  effects.  In  contrast,  for 
single  microcantilevers,  no  thermal-drift  compensation  is  pos¬ 
sible.  To  obtain  useful  data  under  these  circumstances,  both 
microcantilever  surfaces  have  to  be  chemically  well-defined. 

With  a  pair  of  cantilevers,  reliable  measurements  can  be 
usually  obtained.  One  coated  cantilever  is  used  as  the  sensor 
cantilever,  whereas  the  other  cantilever  serves  as  the  refer¬ 
ence  one  as  discussed  above.  Thermal  drifts  are  cancelled  out 
by  differential  measurements,  i.e.,  the  difference  in  deflections 
is  taken  over  the  period  of  measurements.  Alternatively,  both 
cantilevers  are  used  as  sensor  cantilevers  (sensor  layer  on  the 
upper  surfaces),  and  the  lower  surface  has  to  be  passivated. 
The  best  strategy,  however,  is  to  use  a  cantilever  array,  in 
which  several  cantilevers  are  used  either  as  sensors  designated 
for  different  analytes  or  as  reference  cantilevers.  In  such  a 
configuration,  multiple  difference  signals  can  be  evaluated  si¬ 
multaneously. 

Several  approaches  exploiting  integrated  cantilever  arrays 
are  reported  in  literature,  t110  226  248  249]  An  array  of  capacitively 
read-out  micromachined  cantilevers  for  measurement  of  ad¬ 
sorption-induced  stress  during  exposure  to  hydrogen  and  mer¬ 
cury  vapor  was  implemented  as  a  handheld  device  including 
RF  telemetryJno]  A  polymer-coated  complementary  metal  ox¬ 
ide  semiconductor  cantilever  array  for  mass  detection  of  vola¬ 
tile  organic  compounds  in  the  dynamic  mode  has  been  tested 
with  n-octane  and  toluene  vapors. [226]  Piezoresistive  cantilever 
array  coated  with  organic  polymers  have  been  reported  to  be 
capable  of  detecting  methanol,  2-propanol,  water  and  their  bi¬ 
nary  mixtures  to  a  wide  range J248^  Two  dimensional  microcan¬ 
tilever  arrays  for  multiplexed  biomolecular  analysis  in  liquids 
for  DNA  immobilization  experiments  have  been  successfully 
tested.^ 


5.2.  Nanomechanical  Resonators 


5.  Mechanical  Resonator  Designs  Beyond  Single 
Cantilever  Beams 

5.1.  Microcantilever  Arrays 

Single  microcantilevers  are  prone  to  undesired  external  in¬ 
fluences  that  may  lead  to  additional  bending.  Influences  may 
be,  e.g.,  thermal  drift  or  chemical  interaction  of  a  cantilever 
with  its  environment,  in  particular  if  the  cantilever  is  operated 
in  a  liquid.  Frequently,  a  baseline  drift  is  observed  during  stat¬ 
ic  measurements  with  unspecific  physisorption  of  molecules 
on  the  cantilever  surface  or  unspecific  binding  contributing  to 
the  drift. 


While  the  thickness  of  typical  MCs  ranges  from  0.5  to  a  few 
micrometers,  the  cantilevers  with  thickness  below  100  nm  can 
be  fabricated  and  are  termed  as  nanocantilevers  (NCs).  As 
the  dimensions  of  the  mechanical  resonators  shrink,  the  fun¬ 
damental  frequencies  of  these  structures  resemble  the  vibra¬ 
tional  modes  of  molecules  and  atoms  J250]  For  a  typical  MC, 
the  upper  limit  of  the  fundamental  mode  of  the  resonance  fre¬ 
quency  is  on  the  order  of  1  MHz.  On  the  other  hand,  nanome¬ 
chanical  resonators  can  resonate  at  frequencies  as  high  as 
100  +  MHz  with  a  high  quality  factor,  providing  very  high 
mass  resolution  reaching  several  attograms.[140,251] 

Various  materials  such  as  metals,  oxides,  and  ceramics  have 
been  applied  for  NC  fabrication.^52-256^  Nilsson  et  al  have  fab¬ 
ricated  chromium  NCs  by  e-beam  lithography  patterning  of 
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photoresist  on  a  silicon  substrate  fol¬ 
lowed  by  the  deposition  of  chromium 
and  reactive  ion  etching  to  release  the 
metal  NCs.[253]  Lavrik  and  Datskos  re¬ 
ported  the  fabrication  of  NCs  by  FIB 
milling  of  MCs  to  alter  the  thickness  of 
the  MCs  from  1.5  jam  to  50-100  nmJ257^ 

They  reported  the  resonance  frequency 
of  2.2  MHz  and  a  very  good  mass  reso¬ 
lution  of  5.5  fg  on  chemisorption  of 
11-mercaptoundecanoic  acid.  Roukes  et 
al  have  fabricated  silicon  carbide/metal 
NCs  with  embedded  piezoresistors  by 
epitaxially  growing  70  nm  thick  cubic 
silicon  carbide  (3C  SiC)  coating  fol¬ 
lowed  by  e-beam  lithography  and  subse¬ 
quent  lift-off. H40,256!  NCs  have  been 
functionalized  with  10  nm  of  PMMA 
for  the  detection  of  a  trace  level  (1  ag  at 
127  MHz)  of  1,1-difluoroethane. 

Figure  24.  Array  of  tuning  forks  connected  in  the  same  electronic  circuit  with  a  polymer  wire 

stretched  across  the  prongs  of  each  tuning  fork  and  a  spectrum  of  resonance  responses.  Repro- 
5.3.  Tuning  Fork  Structures  duced  with  permission  from  [260].  Copyright  2005  American  Chemical  Society. 

Microfabricated  tuning  fork  (MTF) 

structures  (typical  dimensions:  2  mm  long,  200  jam  wide,  and  Kfork  is  the  effective  spring  constant,  f0  is  the  resonance  fre- 
100  jam  thick)  similar  to  those  traditionally  used  in  wrist  quency,  and  A f0  is  the  shift  is  the  resonance  frequency  due  to 

watches  have  been  also  been  employed  as  tranducers  for  the  presence  of  the  polymer  wire.[259]  They  have  also  shown 

chemical  sensorsJ258^  In  the  simplest  form,  tuning  forks  can  be  reversible  changes  in  the  resonance  frequency  on  exposure  to 
treated  as  two  cantilevers  coupled  at  the  fixed  end.  The  princi-  organic  vapors  which  can  alter  the  elasticity  of  the  polymer 

pie  of  opearation  of  TF  based  chemical  sensors  closely  resem-  wire  due  to  solvation  effects.  The  technique  has  been  further 

bles  that  of  the  MC  based  sensors  operating  in  dynamic  mode  extended  to  achieve  arrays  of  MTFs  with  different  polymer 

where  the  external  stimuli  perturbs  the  resonating  microstruc-  wires  to  create  a  pattern  of  responses  enabling  the  detection 

tures.  One  of  the  primary  advantages  of  the  tuning  fork  struc-  of  various  chemical  vapors  (water,  ethylnitrobenzene,  and 

tures  over  MCs  is  the  relatively  high  Q-factors  (103-104)  even  ethanol  vapors)  with  ppb  level  sensitivity. [260] 

under  humid  ambient  conditions.  Although  the  mass  sensitiv¬ 
ity  of  tuning  fork  devices  is  slightly  lower,  due  to  the  high 

Q-factors,  very  small  change  (0.01  Hz)  can  be  easily  detected  6.  Conclusions  and  Outlook 
pushing  mass  resolution  higher  than  that  usually  observed  for 

regular  cantilevers.  In  this  review,  we  presented  recent  developments  in  the 

MTFs  have  been  applied  for  chemical  sensing,  fluid  viscosi-  field  of  bimaterial  cantilever  sensors  combined  with  different 

ty  measurements,  specific  biomolecule  recognition  and  tactile  kinds  of  responsive  coatings,  mainly  from  soft  materials.  Re- 

sensing.^ P59-263]  zhang  et  al.  have  coated  quartz  tuning  forks  sponsive  materials  exploited  for  bimaterial  MC  designs  are 

(with  a  resonance  frequency  of  ~  33  KHz)  with  a  thin  PS  layer  capable  of  selective  swelling,  binding,  thermal  expansion, 

from  solution  of  varying  concentration  and  showed  a  linear  chemical  reactions,  conformational  changes,  or  decomposition 

increase  in  the  frequency  shift  with  the  mass  attached  on  the  under  external  stimuli.  These  stimuli  lead  to  corresponding 

tuning  forkJ258^  MTFs  modified  with  anti-human  IgG  were  changes  in  interfacial  stresses  and  thus  cantilever  bending  fa- 

applied  to  sense  the  binding  of  IgG  within  a  range  of  cilitating  facile  detection  of  these  stimuli  hence  sensing  ability. 

5-100  jag  mF1;263]  Tao  and  coworkers  have  bridged  a  polymer  Further  development  of  novel  responsive  materials  applied  to 

nanowire  (diameter  of  100  nm)  between  the  two  arms  of  the  MCs  is  desirable  to  provide  multifunctional  detection  of  a 

MTFs  by  streching  polymer  gel  (as  shown  in  Fig.  24).  They  range  of  analytes  a.  k.  a.  an  electronic  nose.  From  a  practical 

demonstrated  that  the  resonance  frequency  of  the  MTF/poly-  viewpoint,  such  materials  should  provide  high  compliance, 

mer  nanowire  structure  is  related  to  the  Young’s  modulus  of  strong  adherance  to  the  inorganic  MC  substrates,  and  the  abil- 

.  .  .  „  2 LKfork  ity  to  mediate  high  interfacial  stress.  Nanoscale  thickness  of 

the  polymer  structure  by  E  =  — — ^ — A fn  where  L  and  A  are  /  .  .  .  ,  .  ,  .  , 

Afo  these  responsive  coatings  is  also  a  critical  requirement  which 

the  length  and  the  cross  sectional  area  of  the  polymer  wire,  facilitates  a  fast  response  time,  down  to  milisecond  range  from 
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current  second-minutes,  a  highly  desirable  characteristic  dem¬ 
onstrated  only  in  very  few  examples. 

Apart  from  the  numerous  attractive  attributes  such  as  ex¬ 
treme  sensitivity,  versatility,  excellent  dynamic  response,  min¬ 
iature  size,  and  realiability,  one  of  the  primary  reasons  for  the 
rapid  progress  of  the  bimaterial  microcantilever-based  tech¬ 
nology  is  the  commericial  availability  of  the  relatively  inex¬ 
pensive  MCs  and  their  arrays  (initially  deveoped  for  AFM) 
and  available  AFM  optical  detection  system  to  quantify  the 
MC  bending  with  sub-nanometer  precision.  While  the  robust 
and  sensitive  AFM  detection  system  suffices  most  of  the  re¬ 
quirements  for  the  proof  of  principle  stage,  it  is  not  the  ideal 
choice  for  the  real  time  application  of  the  sensors.  The  limita¬ 
tions  of  the  optical  detection  system,  such  as  long  equilibra¬ 
tion  time,  consistent  laser  alignment,  and  thermal  fluctuations 
can  be  largely  minimized  by  applying  piezoresistive,  piezo¬ 
electric,  and  MOSFET  methods.  Moreover,  the  use  of  linear 
arrays  allows  with  reference  cantilevers  increases  the  sensitiv¬ 
ity  of  microcantilever  measurements  in  both  frequency  and 
deflection  modes. 

From  the  numerous  publications  and  laboratory  scale  dem¬ 
onstrations,  it  is  obvious  that  MC  based  sensor  technology  has 
the  efficacy  to  provide  the  next  generation  miniature,  cost  ef¬ 
fective  sensor  arrays  for  a  wide  variety  chemical  and  biologi¬ 
cal  stimuli.  However,  for  the  technology  to  be  transferred  to 
real  devices  several  important  issues  still  need  to  be  addressed 
in  future  studies.  For  example,  a  significant  challenge  for  MC 
biosensor  applications  is  the  lack  of  quality  reaction  kinetics 
data  that  can  be  obtained,  because  the  microcantilever  are 
very  sensitive  to  both  changes  in  temperature  and  fluid  flow. 
While  smaller  microcantilevers  (nanocantilevers)  may  in¬ 
crease  the  sensitivity  before  and  after  addition  of  analyte,  they 
also  increase  noise  during  analyte  addition.  Still  better  meth¬ 
ods  of  detection  need  to  be  developed.  It  is  clear  that  further 
improvements  in  microcantilever  design  and  signal  transduc¬ 
tion  will  likely  lead  to  the  development  of  sensitive,  selective 
and  versatile  detection  devices  for  use  in  both  gas  and  liquid 
environments.  Commercialization  of  microcantilever  array 
technology  is  already  underway  for  complete  detection  of 
chemical,  thermal,  and  biosensing. 

Although  the  mass  resolution  and  sensitivity  of  the  nano¬ 
cantilevers  are  highly  attractive,  significant  efforts  should  be 
made  in  terms  of  developing  reliable  and  economic  methods 
for  their  large  scale  fabrication.  The  functionalization  and 
readout  methods  are  still  serious  challenges  beyond  the  fabi- 
cation  of  the  NCs  themselves.  Conventional  readout  methods 
employed  for  MCs  might  not  completely  suffice  the  require¬ 
ments  due  to  various  undesired  effects  such  as  parasitic  capici- 
tances  and  diffraction  effects. 

From  the  life  sciences  view  point,  MC  sensor  arrays  are  a 
very  powerful  and  highly  sensitive  tool  to  study  biochemical 
adsorption  and  desorption,  complex  biochemical  reactions 
such  as  the  hybridization  of  DNA,  and  molecular  recognition 
in  antibody/antigen  systems.  We  believe  that  the  development 
of  the  MC  technology  should  go  towards  real-life  applications, 
in  particular  practical  assessment  of  clinical  samples.  The  de¬ 


velopment  of  medical  diagnosis  tools  requires  further  im¬ 
provement  of  the  sensitivity  of  a  large  number  of  genetic  tests 
to  be  performed  with  small  amount  of  single  donor-blood  or 
body-fluid  samples  at  low  cost.  In  a  scientific  perspective,  the 
challenge  lies  in  optimizing  robust  microcantilever  sensors  in 
such  an  extent  that  their  sensitivity  is  improved  to  the  ulti¬ 
mate  limit,  i.e.,  the  detection  of  individual  molecules. 
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